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Abstract (English) 
Abstract of thesis entitled: 
Genetic Mapping of Sequence Tagged Sites, Expressed Sequence Tags 
and Agronomic Traits of Shiitake Mushroom Lentinula edodes L54 
Submitted by Chu Kin Kan Astley 
for the degree of Master of Philosophy 
at The Chinese University of Hong Kong in December 2000 
A well-constructed genetic linkage map of shiitake mushroom (Lentinula 
edodes) can facilitate its selective breeding program and help revealing its genetic 
information in greater detail. This study consists of two objectives: 1) to add 
sequence tagged sites (STSs) and expressed sequence tags (ESTs) markers to the 
existing random amplified polymorphic DNA (RAPD) genetic map of L. edodes- 2) 
to locate some agronomic trait loci, namely, mycelial growth rate and l-octen-3-ol 
level, onto the genetic linkage map. 
From the database of GenBank on internet and the genomic/cDNA libraries 
constructed in our laboratory, seventy STSs/ESTs of L edodes were selected and 
tested for their suitability to be genetic markers using PCR-single strand 
conformational polymorphism (PCR-SSCP) of L edodes strain L54 and its parents 
(L54-A and L54-B). Twenty-one STS/EST markers were identified with different 
kinds of polymorphism including SSCP, PCR-length polymorphism (PCR-LP) and 
PCR polymorphism (PCRP) and seventeen of them were shown to have 1:1 
segregation ratio (x^>0.05) among Fi progenies. Sixteen STS/EST markers (-23%) 
were successfully mapped on the RAPD map of L edodes using the 
MAPMAKER/EXP program based on the Lod scores between markers and 
maximum likelihood estimation. 
Abstract (English) 
For the location of agronomic traits on the map, the aroma trait of Ledodes 
monokaryon was characterized with gas chromatograph-mass spectra (GC-MS) 
system before mapping analysis. The "mushroom alcohol", l-octen-3-ol, was 
detected in significant level in the mycelium extracts of Ledodes and its 
concentration was selected as an aroma trait for mapping. A tentative quantitative 
trait locus (QTL) for l-octen-3-ol level (Lod=2.246) was found by means of 
MAPMAKER/QTL program, scanning every 2cM along the Ledodes genetic map 
constructed. Apart from l-octen-3-ol, two tentative QTLs of mycelial growth rate on 
PDA (Lod=2.451 and 1.917) were located. Pigment secretion feature of mycelium 
was also studied but no markers or loci could be obtained. 
The new genetic linkage map of Ledodes contains 78 markers, including 57 
RAPD markers, 14 ESTs, 2STSs, 2 mating type loci and 3 QTLs, allocated into 13 
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Chapter 1 General Introduction 
Chapter 1 
General Introduction 
1.1 Popularity of Shiitake Mushroom 
Lentinula edodes (Berk.) Pegler, commonly known as shiitake mushroom, is a 
cultivated mushroom widely appreciated in Asia and Western country (Jong and 
Birmingham, 1994). Shiitake is not only prized for its health promoting and 
medicinal values but also its distinctive flavor (Przybylowicz and Donoghue, 1990). 
Over these few decades, shiitake is the second best selling mushroom in the 
worldwide mushroom market just after the button mushroom Agaricus bisporus 
(Chang，1991). In United States, sales of shiitake totaled 6.28 million and 8.17 
million pounds for the seasons 97-98 and 99-00 with the market values of $US 19.77 
million and $US26.89 respectively (USDA-National agricultural statistics service, 
2000). 
1.2 Inheritance of Genetic Materials in L,edodes 
L edodes is a fungus belonging to the basidiomycetes class. Its life cycle 
consists of four stages, namely, basidiospore, mycelium (primary and secondary), 
primordia and fruiting body. In the stages of basidiospore and primary mycelium, 
each shiitake cell contains a single nucleus. These cells are regarded as monokaryotic 
as they carry a monoploid (n) of genetic material. With compatible mating factors, 
two different monokaryotic mycelia may mate to form a secondary mycelium. The 
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secondary mycelium bears two individual nuclei originated from the two parents. 
The cell bearing with two nuclei is regarded as dikaryotic (n+n) rather than diploid 
(2n) because these two nuclei do not fuse together and keep functioning separately in 
the later stages of life cycle. The dikaryotic character sustains until sporulation in 
fruiting body, when dikaryotic nuclei fuse in basidia. The meiosis then follows 
immediately and the recombinant basidiospores (monokaryotic) will be produced and 
spread from gills by catching the air currents (figure 1.1). When the environmental 
conditions are favorable, recombinant basidiospores will germinate into the primary 
mycelium and start a new life cycle (Przybylowicz and Donoghue, 1990). 
1.3 Genetic Markers and Linkage Maps of L.edodes 
In traditional mushrooms industries, conventional breeding methods are not 
efficient. The common strategies involve a large number of production lines that may 
be costly and labor intensive (Royse, 1991). The breeding results, however, do not 
seem to be controllable or predictable. A genetic map composed of high resolution of 
molecular makers, gene loci and agronomic trait loci is believed to be the optimal 
means to develop the efficient and systematic breeding programs. 
Genetic markers of L.edodes are highly conserved and little influenced by gene 
interaction or environmental impact (Kulkarni, 1991; Royse et al., 1983). Therefore, 
genetic markers could be utilized to characterize L.edodes strains and to construct the 
linkage map for tracking the inheritance profiles of agronomic traits of L.edodes 
(Kwan et al,, 1992; Royse and May, 1987). Moreover, molecular genetic markers are 
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Figure 1.1 Diagram of genetic material inheritance in Ledodes 
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capable of rapid analyses in species which have only scanty genetic information 
(Kwan，1992). Previous molecular genetic markers of Ledodes were mainly based on 
isozyme electrophoresis (Royse et al, 1983; Royse and May, 1987)，DNA restriction 
fragment length polymorphisms (RFLPs) (Fukuda et al., 1995; Kulkami, 1991; 
Molina et al, 1992) and arbitrarily primed polymerase chain reaction (AP-PCR) 
(Kwan et al, 1992). The first Ledodes linkage map was constructed with 10 
allozymes encoding loci assigned into three linkage groups (Bowden et al.’ 1991). 
However，the limited information of the allozyme map does not adequate to present 
the genome of Ledodes, 
A denser linkage map was constructed later using 65 random amplified 
polymorphic DNA (RAPD) markers of Ledodes strain L54 (Xu, 1997). The RAPD 
linkage map alone may not be very helpful to the mushroom breeding because the 
anonymous RAPD markers have not been well studied or identified (De-Groot et al., 
1998). Nevertheless, this RAPD linkage map drafts the outline of Ledodes genome 
and the map information can be enriched by locating other valuable makers, for 
instances，sequence tagged sites (STSs), expressed sequence tags (ESTs), discrete 
phenotypic markers or even quantitative trait loci (QTLs). 
To make the genetic maps practical in a breeding program, it will be most 
important to locate the determinants of phenotypic traits on the map (Anderson, 
1993). On the RAPD map of Ledodes, two phenotype markers (mating factor A and 
B), one gene locus (pri A), one DNA fragment (MAT) and two quantitative trait loci 
(myceli画 growth rate I and II) were mapped and totally fifteen linkage groups were 
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defined by Xu (1997). The information of the RAPD map can be enhanced by 
continuous locating genetic markers with various strategies. With advanced 
molecular technologies, more molecular genetic markers will be identified and 
mapped. Thus, a highly informative L.edodes genetic map can be developed and used 
for both academia and mushroom industries. 
1.4 Aims of Study 
This study has two general objectives. The first objective is to locate the 
gene-based sequence tagged sites (STSs) and expressed sequence tags (ESTs) onto 
the existing RAPD map of L.edodes via the polymerase chain reaction - single strand 
conformational polymorphism (PCR-SSCP) test and standard mapping method. The 
second objective is to characterize some agronomic traits of mycelium including 
aromatic feature, growth rate and pigment secretion and to map them onto the RAPD 
map by discrete trait mapping or quantitative trait locus (QTL) mapping methods. 
The experimental design of this study is illustrated in figure 1.2. 
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Figure 1.2 Outline of the experimental design in this study 
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Chapter 2 
Mapping of Sequence Tagged Sites (STSs) and Expressed 
Sequence Tags (ESTs) on the Linkage Map of L.edodes by 
PCR-Single Strand Conformational Polymorphism (SSCP) Test 
2.1 Literature Review 
2.1.1 Construction of Genetic Linkage Map 
Early this century, geneticist realized that the relative location of linked genes 
along the chromosome could influence the frequency of crossing over and the 
experimental evidence had been demonstrated with the genetic of Drosophila 
melanogaster (Klug and Cummings, 1994). If two gene loci are near to each other on 
the same chromosome, alleles at these loci are liable to be inherited together. When 
two loci are further apart, new combinations of alleles are more likely through 
crossing over between the homologous chromosomes (Risch，1992). 
A genetic linkage map can be constructed by studying the linkages between the 
genetic markers. Genetic linkage map indicates the relative position of all linked 
markers in a linear array based on their recombination frequency during meiosis. The 
distance unit of the map is called centimorgan (cM)，which is defined by T.H. 
Morgan (White and Lalouel, 1988). Centimorgan can be referred to as the unit of 
recombination that if two markers are one cM apart, they will have one percent 
chance of crossing over in a meiotic division (Watson et ai, 1992). 
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To construct a linkage map, genetic markers must be defined first. Genotypic or 
phenotypic polymorphism is the basis of genetic marker recognition. In general, an 
informative polymorphic marker should be discrete and randomly assorted during the 
transmission from the parents to the offspring. Monitoring the pattern of marker 
segregation among the progenies of a family is the direct way to know whether a 
marker is independently assorted or not. Chii square (x") test is an important tool to 
evaluate the 'goodness of fit’ of the marker segregation obtained from an experiment 
with what is anticipated based on the mendelian mode of inheritance (Sokal and 
Rohlf, 1987). In most of the genetic linkage studies, an arbitrary probability 
threshold to determine the goodness of fit is chosen as p > 0.05 (Gardner et al, 
1991). 
2.1.2 Logarithm of the Odds (LOD) Score 
By definition, two markers exhibiting dependent assortment during meiosis are 
regarded as linked. The 'logarithm of the odds ratio' or ‘LOD’ score is the statistical 
measurement of the degree of linkage between markers, based on likelihood ratio 
testing and maximum likelihood estimation (Ott，1999). The consideration of LOD 
score method in linkage analysis was first introduced by Haldane and Smith (1947). 
Applications of LOD score were well developed and explained by Morton in a series 
of paper published from 1955 to 1957 (Chotai, 1984). 
In a linkage analysis, the inheritance patterns of genetic markers are followed 
within a family and the probability of marker co-inheritance only by chance is 
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calculated. The calculation is then repeated assuming a particular degree of linkage. 
Then，the logarithm ratio of the two probabilities, i.e., probability of no linkage 
versus that of a specified degree of linkage, is determined (Waton et ai, 1992). The 
LOD score z(0) can be defined as 
PinO.S) 
where p{r,0) denotes the probability of obtaining the total data r when the true 
recombination fraction is 沒（the domain is usually O<0< 0.5) andp(r;0.5) denotes 
the probability of no linkage at where 6^= 50% (Chotai, 1984). To be further derived, 
pfr;6l) = (0)" x(l-0y-" 
p(r;0.5) = (0.5y' x(0.5y-" 
where r is the number of total progenies and n is the number of recombinant. 
Conventionally, a maximum LOD score greater than 3 (i.e. Z匪>3)，representing 
an odds ratio 1000:1 with 5% false positive probability, is considered to be sufficient 
evidence for linkage (Morton, 1955; Risch, 1992). 
After obtaining the pairwise LOD scores between markers, linkage between two 
markers is determined by the maximum likelihood estimation, which considers all 
the LOD scores in analysis. The maximum likelihood map position of linked markers 
can be estimated through the observed recombination fraction by the LOD 
method. In a linkage map, each map unit (cM) represents 1% chance of crossing 
between two makers. Theoretically, when only single exchanges are considered, the 
score 
over 
Chapter 2 Mapping o f S T S s and ESTs with PCR-SSCP 
recombinant ratio never exceeds 50 percent. Therefore, the maximum distance 
between two linked makers is 50cM. However, within a linkage group, distances 
between genetic markers spanning the shortest marked intervals are cumulative by 
summation (Gardner et al., 1991). An additive map distance reflecting the size of the 
linkage group is thus resulted. 
The actual construction of a genetic map from estimated recombination 
fractions can be difficult, especially in the step of locus ordering (Weeks, 1991； Weir, 
1996). Fortunately, advanced computer technologies allow the calculation involving 
a number of pedigrees to conduct faster and easier. GMS, LINKAGE-1, 
MAPMAKER, MAPMAKER-QTL and MultiMap are the names of some linkage 
analysis programs applied in current genetic studies (Hemmat et al, 1994; Jacob et 
fl/., 1991; Nandi et al, 1997; Puffenberger et al, 1994; Serikawa et al,, 1992). These 
programs can perform multi-point analyses that not only calculates the linkage 
relationships between a large numbers of marker are but also summarizes a map with 
the best order of markers along the chromosome. 
2.1.3 MAPMAKER Program 
MAPMAKER is a genetic linkage analysis package designed from Lander's 
Lab (Whitehead Institute for Biomedical Research) for the construction of 
co-dominant multipoint maps from various types of testcross. It is an interactive 
computer program distributed in C source code format executing either on UNIX, 
MS-DOS or A/UX (for Macintoshes) systems. However, it is not a general-purpose 
10 
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package for linkage analysis because it cannot be utilized for disease mapping and 
applied to extended pedigrees (Bryant, 1997). 
MAPMAKER employs an efficient algorithm to compute the likelihood based 
on the work done by Lander and Green (1987). The full multi-point analysis in this 
program takes into account the primary genotype data for all loci and simultaneously 
computes the map likelihood, orders and distances. It enforces greater consistency of 
the available data, and thus extracts more information than what can be captured by 
even the whole set of pairwise LODs (Lander et al., 1987). Their 
expectation-maximization procedure requires lesser iterations, therefore, fewer 
computations are needed to achieve the thetas giving the map with the maximum 
likelihood. Even so, the computation involving a large case study would cost the 
computer a very long CPU time (Bryant, 1997). It is feasible to construct files for use 
in batch or background jobs although all the interactive facilities of MAPMAKER 
will be voided. 
The latest MAPMAKER/EXP (version 3.0) features 'three-point' and 'join 
haplotypes, that can help perform the big job much faster and handle genetically 
unseparated markers more efficiently. Also, this version uniquely incorporates an 
algorithm for systematic detection of potential genotyping errors (Lincoln and 
Lander, 1992). 
2.1.4 Sequence Tagged Site (STS) and Expressed Sequence Tag (EST) 
11 
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A sequence tagged site (STS) is generally referred to as a short stretch of 
genomic DNA sequence that can be detected by PGR and serve as landmark by 
mapping to a particular point in the genome (Vollrath et al, 1992). In most mapping 
studies, cloned DNA segments are used as landmarks on maps. STSs can function as 
interfaces that facilitate assimilation of mapping data from divert sources. All types 
of these landmarks, regardless of whether they are members of contigs, cloned 
segments with special restriction site, genetically mapped DNA polymorphic phobes 
or sequences that in situ hybridized with specific cytogenetic bands, can be translated 
into STS (Olson et al., 1989). The translations in practice simply require sequencing 
a short piece of DNA (200-500bp for most instances) from the clone that typifies the 
landmark. The PGR assay for an STS can be implemented simply by synthesizing a 
pair of short complementary primers (around 18-24bp) based on the clone sequenced 
(Dieffenbach et al, 1995). _ 
The concept of STS is a milestone that provides a natural manner of linking 
information on the genetic and physical maps. The use of STS based map allows the 
ease of integration of markers used for mapping with physically isolated clones. 
Moreover, STSs themselves can be utilized as standard anchor of physical mapping. 
Maps formatted with genetic and physical distances also make chromosome size 
estimation possible (Olson et aL, 1989). 
Derived from the similar concept, expressed sequence tag (EST) is a partial 
sequence of a cDNA clone corresponding to a mRNA. ESTs can serve as standard 
markers for physical mapping similar to STSs and provide the additional feature of 
12 
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corresponding directly to an expressed gene (Adams et al., 1991). Large surveys on 
STSs and ESTs have been conducting for almost a decade and the databases of STS 
(dbSTS) and EST (dbEST) in GenBank are well developed. These sophisticated 
databases are efforts to generate the gene based STS or EST and construct the 
gene-oriented maps physically via various strategies such as YACs (Foote et ai, 
1992), radiation hybrid maps (Stewart and Cox, 1997), or genetically by 
polymorphism assays like PCR-SSCP (Podsuslo et al., 1991). 
2.1.5 Polymerase Chain Reaction - Single Strand Conformational 
Polymorphism (PCR-SSCP) 
Combining with polymerase chain reaction, single strand conformational 
polymorphism (SSCP) is a simple, rapid and sensitive method to detect the base 
mutations in a specific DNA sequence using PGR technique. The detection of DNA 
mutation by the mobility shift of single strand DNA in nondenaturing 
polyacrylamide gel electrophoresis was firstly demonstrated in the study of 
Escherichia coli Fl-ATPase mutations (Kanazawa et al, 1986). Combined with PGR, 
this method became a powerful tool for detecting the point mutation of DNA 
fragment or polymorphism of allele (Orita et al., 1989a; Poduslo et al, 1991). 
Figure 2.1.1 illustrates the principle of PCR-SSCP. A DNA fragment is first 
specifically amplified by PGR with a pair of primers. The double-stranded PGR 
products are then denatured into two single-stranded DNA by high temperature. By 
rapid cooling, these two single-stranded DNA will independently fold into different 
13 





















allele 1 allele 1+2 allele 2 
Different band patterns 
observed after PAGE 
because of the various 
mobilities 
Figure 2.1.1 Principle of SSCP analysis of heterozygous DNA 
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structures based on their sequence. The mobility of the folded single-stranded DNA 
in a non-denaturing polyacrylamide gel electrophoresis (PAGE) will be altered 
according to its new conformation. If two DNA sequences are different, even only a 
single base, various band patterns will be obtained in the non-denaturing PAGE. If 
necessary, the SSCP bands can be re-amplified by PGR and sequenced for defining 
and analyzing the mutations further (Calvert et al., 1995). 
The electrophoretic mobility of single-stranded DNA in polyacrylamide gel is 
strongly affected by environmental conditions. The gel temperature throughout the 
PAGE is a critical factor for a good polymorphic band separation and reproducibility. 
An ambient room temperature with air conditioning maybe close to a transitional 
point at which the fragment switches from one conformer to another (Hayashi, 1992). 
The strict control of low gel temperature (4-10'C) is necessary for SSCP tests and 
can be achieved by a waterjacket or other cooling equipment. A thin polyacrylamide 
gel ( � 0 . 3 m m ) not only facilitates the constant low gel temperature but also allows 
steep voltage gradient without excessive Ohmic heat (Orita, et al., 1989b). Besides, 
the addition of 5-10 % glycerol may help stabilizing the folded structure of 
conformers during electrophoresis (Hayashi, 1992). 
The sensitivity of PCR-SSCP depends on two general factors. The first is gel 
conditions including temperature, concentration, ionic strength, presence of additive 
(e.g. glycerol), and acrylamide to cross-linker ratio. The second factor is natures of 
the single-stranded DNA such as size, sequence composition, kind and position of 
mutation (Bailey, 1995). Generally, the sensitivity of PCR-SSCP is high as it is 
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reported that more than 80% of mutations in. most DNA fragments with size less than 
300bp can be detected in a single electrophoretic run (Hayashi and Yandell, 1993). 
The sensitivity of PCR-SSCP gradually decreases with increasing DNA fragment 
size (Hayashi, 1991). In general, the length of sample tested for SSCP should not be 
longer than 300bp (Myers et al, 1998). Recently, advanced techniques have been 
developed for testing the SSCP of DNA fragments in lengths from 300bp to 800bp 
with detection rate of more than 80% (Kukita et al, 1997). 
Since neither the folding structure of the single-stranded DNA after re-naturing 
nor the effect of structure on the electrophoretic mobility is predictable, the result of 
PCR-SSCP cannot be foreseen physicochemically (Hayashi, 1992). Thus, some 
mutations may not be detected by SSCP under particular conditions. For example, 
there will be no SSCP result if the mutation does not affect the conformation of the 
folded single-stranded DNA. In contrast, SSCP methods are not likely to have 
false-positive results as new band patterns due to conformation and mobility 
alternation do not occur in the absence of mutations (Myers et al., 1998). 
The original PCR-SSCP method requires the use of radioactive nucleotides and 
a large gel. The development of non-radioactive silver staining method facilitated the 
performance of the SSCP test (Ainsworth et al.’ 1991; Mohabeer et al., 1991). The 
technique of PCR-SSCP can be applied on construction of genetic linkage maps 
(Fukuoka et al., 1994; Fridolfsson et al； 1997; Mutebi et al, 1997; Morisson et al., 
1998), specific gene mapping (Avramopoulos et al； 1993; Nishimura et al., 1993; Yi 
et a!., 1995) and other genetic analyses (Dockhorn-Dworniczak et al., 1991; Legare 
16 
Chapter 2 Mapping of STSs and ESTs with PCR-SSCP 
etal’ 1997; Yoshiura ef fl/., 1997). 
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2.2 Material and Methods 
2.2.1 Detection of the STS and EST markers with PCR-SSCP test 
2.2.1.1 Biological Material and Growth Conditions 
Ledodes dikaryotic strain L54 was kindly provided by Professor S.T. Chang 
(Biology department, CUHK). Strains L54-A and L54-B were the monokaryotic 
parents of L54 (Xu, 1997). For genomic DNA extraction, the stock mycelia were 
inoculated in the sterilized potato dextrose broth (PDB) medium (Difco), with 2% 
yeast extract fortified. The mycelia were incubated at 25°C with duration 20 days for 
dikaryon or 40 days for monokaryon. 
2.2.1.2 DNA Samples Preparation 
The genomic DNA of L54 and its parents L54-A and L54-B were prepared 
through the conventional fungus DNA extraction method (Reader and Broda, 1985) 
with some modifications. Fresh mycelia were harvested from the PDB medium. 
Having frozen with liquid nitrogen, mycelium was ground into find powders using 
pre-cooled mortar and pestle. About Ig of mycelium powder was placed into an 
eppendorf, in which 500^1 of DNA extraction buffer (0.2M Tris-HCl, pH8.5; 0.25M 
NaCl; 25mM EDTA; 0.5% w/v SDS) was filled. After mixing, sample was incubated 
at 65�C for 1 hour. The DNA solution then was washed with SOOfil of 
phenol:chloroform:isoamylalcohol with v/.v 25:24:1 (Amersco) to remove the 
18 
Chapter 2 Mapping of STSs and ESTs with PCR-SSCP 
proteins, lipids and carbohydrates and other impurities. Two phases were shaken to a 
yellow/milky suspension, and then separated by centrifugation at 13000rpm for 
30min. The upper phase containing DNA material was transferred into a new 
eppendorf without distributing the cell debris in the interface. The washing steps 
were repeated while the centrifugation time was reduced to lOmin, did also in the 
washing step afterwards. 
The washed DNA solution might contain the RNA that would be removed. The 
RNA was firstly digested by adding 25^1 ribonuclease II-A (lOmg/ml) (Sigma) and 
incubating at 37�C for 1 hour. The digested RNA and debris was rinsed off with 
phenol:chloroform: isoamylalcohol (Amersco). 
The DNA solution was washed twice for better DNA quality. The phenol 
residue was removed by final rinsing with chloroform: isoamy lalcohol with v/v 24:1 
(Amresco). The DNA in the solution was precipitated by adding 0.54 volume of 
isopropanol and keeping at -20�C for one hour. The DNA pellet was obtained by 
centrifuging the solution at IBOOOrpm for lOmin at 4°C and discarding the 
.supernatant. The DNA pellet was rinsed with 200^il of ice-cold 70% ethanol twice, 
vacuum dried in SpeedVac (Savant), resuspended in 20…of TE buffer (lOmM 
Tris-HCl, 0.1 mM EDTA) and finally stored at -20�C. 
The concentrations and purity of the DNA samples were roughly assayed by a 
spectrophotometer, Gene Quant II (Pharmacia Biotech) and direct electrophoresis in 
1% TBE agarose gel (Seakem). The DNA solutions were diluted to concentration 
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about 100ng/|j,l as stocks for storage. 
2.2.1.3 PCR Primers Designation 
Primers were designed for the PCR-SSCP based on the nucleotide sequences of 
Ledodes from three resources: 1) the cDNA library clones of Ledodes primordia 
(Ng, 2000); 2) the Ledodes genomic DNA library clones (provided by Dr. J. Zhao, 
Bio. Dept., CUHK); and 3) the published gene sequences of Ledodes. For those 
sequences obtained from the libraries, their identities were characterized via the 
searching engine BLASTX+BEAUTY on WWW (National Center for 
Biotechnology Information's NR Protein and Human Genome Sequencing Center, 
Baylor College of Medicine). Both nucleotide and amino acid sequences of clones, 
each with six frames of coding sequences, were searched against the available 
GenBank nucleotide and protein databases. The clone sequences having high 
similarity to genes on the databases were selected for primer designation. 
The PCR primers were designed using the computer program OLIGO 4.0. For 
’the purpose of PCR-SSCP test, the PCR products would be within the range of 
150-300bp. Primers were selected based on the following citeria: a) size of the 
primer should be 18-24 oligonucleotides; b) melting temperature 丁爪 of primer 
should be higher than 54�C; c) T^ difference between two primers should be less than 
3�C; d) internal stability of 5, end should be higher than that of 3，terminal and e) 
should have no hairpin structures nor dimers formation between primers themselves. 
(Dieffenbach et al, 1995) 
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2.2.1.4 PGR Amplification 
The STSs and ESTs were amplified through PGR before the SSCP test. Each 
20|.il PGR mixture contained 2^1 of lOX thermophilic DNA polymerase buffer 
(Promega), 2[i\ of 25mM MgCl� solution (Promega), 0.4)^ 1 of lOM dNTP mixture 
(Pharmacia Biotech), 2|j.1 of lOnM upper primer (Genset Oligos), 2\x\ of lOnM lower 
primer (Genset Oligos), l^il of DNA template (�lOOng/^d), 0.08|al of 5U/ml Tag 
DNA polymerase (Promega) and 10.52|il of double distilled water (autoclaved). The 
mixture was initial heated to 94°C of 3min, followed by 35 thermal cycles: 94�C 
denaturing (Imin), 55°C/5rC primer annealing (Imin) and 72°C oligo-extending 
(Imin). The PGR was finished with lOmin incubation at 72�C. The PGR products 
were checked with electrophoresis on 1% TBE agarose gel (Seakem) in IX TBE 
buffer with ethidium bromide staining. 
2.2.1.5 SSCP Test 
The SSCP between the specific PGR products of L54-A, L54-B and L54 were 
tested using the GeneGel Excel 12.5/24 Kit (Pharmacia Biotech). A PCR product 
was denatured by mixing with one volume of the denaturing solution (98% 
formamide containing 0.05% bromophenol blue and 0.05% xylene cyanol) and 
heating to 95�C for 6min. The denatured PCR product was immediately cooled down 
in an ice-water bath and shaken rapidly in order to prevent re-annealing of the 
single-stranded DNA. Then, 6(il of the sample was loaded in a pre-cast 12.5% 
polyacrylamide gel. The low temperature electrophoresis was carried out in a 
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GenePhor electrophoresis unit (Pharmacia Biotech) set with conditions: 10°C, 600V, 
25mA, 15Wand 90min. 
2.2.1.6 Silver Staining of the Polyacrylamide Gel 
The polyacrylamide gel was stained using Hoefer automated gel stainer with 
PulsOne DNA silver staining kit (Pharmacia Biotech). The staining procedures were: 
i) 90min DNA fixing; ii) 30min silver impregnation; ii) 30sec water rinsing (twice); 
iv) around 6min image developing and v) over-night gel preserving. 
2.2.2 Mapping of the STS and EST Markers 
2.2.2.1 Biological Material and Growth Conditions 
Plenty of basidospores were isolated from the L54 fruiting body by our 
laboratory. Among them, 44 SSIs were selected as the candidates of linkage map 
construction. The mycelium stocks of single spore isolates were inoculated on the 
sterilized potato dextrose agar (Difco) and incubated at 25°C for 20-30 days, 
dependent on the their growth rates. 
2.2.2.2 SSI DNA Preparation 
Genomic DNAs of the SSIs were prepared with the FastDNA" '^" Kit (Bio 101). 
Mycelium of a SSI isolate was harvested from PDA using sterilized forceps. About 
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300mg of mycelium was placed into a 2 ml lysing matrix tube (l/4"sphere combined 
with grant matrix) containing 1 ml of CLS-Y (cell lysis / DNA solubilizing solution 
for yeast, algae and fungi). To prevent the lost of sample, about 0.25cc air space was 
left inside. Then, the matrix tube was loaded in the Savant's FastPrep FP120 
instrument (Bio 101) for homogenization. The solution was homogenized for 30sec 
with 5.0 operation speed. The homogenization was repeated, with placing the matrix 
tube in ice-bath for Imin before to reduce the sample temperature. The homogenized 
matrix solution was incubated at ambient temperature for an hour and then 
centrifuged at HOOOg for 20min. About 600|il of the supernatant in the tube was 
transferred into a new eppendorf and gently mixed with 600|il of DNA binding 
matrix solution. After 5min incubation, the solution was spin for Imin and the 
supernatant was discarded. The pellet was resuspended with 500|il SEWS-M 
"(salt/ethanol wash solution, DNase free). The suspension was centrifuged for Imin 
and the supernatant was discarded. The tube was centrifuged for an additional lOsec 
in order to remove the residual liquid. The DNA in the binding matrix was eluted by 
gently suspending in lOOjil DES (DNA elution solution - ultra pure water). After few 
minutes of incubation, the suspension was centrifuged at 14000g for Imin. The 
supernatant which containing the DNA sample was carefully transferred to a new 
eppendorf without disturbing the pellet. 
Additional washing steps were accomplished in order to increase the purity of 
the DNA samples. The DNA prepared was diluted with one volume of pure water. 
The diluted sample was then washed with one volume of 
phenol:chloroform:isoamylalcohol (Amresco) and the DNA was precipitated 
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following the procedures described in 2.2.1.2. 
To check the DNA template qualities, 2|al of each DNA sample was directly 
assayed by 1% TBE agarose gel electrophoresis with ethidium bromide staining. 
Furthermore, the PGR efficiencies of DNA samples were determined by performing 
the control PCR using primer EST18. 
2.2.2.3 PCR-SSCP Test among SSIs 
The STS/EST showing polymorphism in the preliminary PCR-SSCP tests were 
selected for mapping. The procedures of the PCR, SSCP test and gel staining were 
similar as described in 2.2.1.4 to 2.2.1.6. The marker heredity patterns observed 
among the SSIs were applied for further linkage analysis. 
2.2.2.4 Chi Square { f ) Test 
The probability of independent assortment of the STS/EST marker was verified 
with Chi square (x^) test according to its segregation ratio among the SSIs. The 
expected segregation ratio of random assorted marker was 1:1 in accordance with the 
mendelian inheritance. The significant level 0.05 was selected in the test. The degree 
of freedom was one. According to the distribution of y^ (table 2.2.1), those markers 
having x > 3.841 were invalid for linkage analysis as their segregation pattern 
significantly deviated from the expected ratio 1:1. Only the markers with 3.841 
was selected for subsequent linkage analysis. 
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Table 2.2.1 




p = 0.99 0.95 0.80 0.50 0.20 0.05 0.01 
1 0.000157 0.00393 0.0642 • 0.455 1.642 3.841 6.635 
2 0.020 0.103 0.446 1.386 3.219 5.991 9.210 
3 0.115 ‘0.352 1.005 2.366 4.642 7.815 11.345 
4 0.297 0.711 1.649 3.357 5.989 9.488 13.277 
5 0.554 1.145 2.343 4.351 7.289 11.070 15.086 
6 0.872 1.635 3.070 5.348 8.558 12.592 16.812 
7 1.239 2.167 3.822 6.346 9.803 14.067 18.475 
8 1.646 2.733 4.594 7.344 11.030 15.507 20.090 
9 2.088 3.325 5.380 8.343 12.242 16.919 21.666 
10 2.558 3.940 6.179 9.342 13.442 18.307 23.209 
15 5.229 7.261 10.307 14.339 19.311 24.996 30.578 
20 8.260 10.851 14.578 19.337 25.038 31.410 37.566 
25 11.524 14.611 18.940 24.337 30.675 37.652 44.314 
30 14.953 18.493 23.364 29.336 36.250 43.773 50.892 
(from Fisher and Yates, 1974) 
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2.2.2.5 LOD Score Test and Mapping of the Markers 
The linkage relations between the identified makers were determined using the 
computer program MAPMAKER/MAP, version 3.0b (Lander et al, 1987a; Lander et 
al； 1987b). The LOD score threshold was set as 3.0 and the maximum recombinant 
distance between markers was 50%. Two-point analysis was used to identify the 
linkage groups of markers in the preliminary analysis. To allocate the best order of 
the markers within a linkage group, maximum LOD likelihood was calculated with 
multi-point analysis. The maximum likelihood map resulted was verified by running 
the 'ripple' command, performing the multi-point analysis with all flanking markers 
to finally compare likelihood of the consistent order. 
The STS/EST makers were also allocated onto the L.edodes RAPD map (Xu, 
1997) in the similar steps except only the 32 progenies data matched with the RAPD 
data were used for linkage analysis. The complete set of raw RAPDs, STSs and ESTs 
data was analyzed by the MAPMAKER/MAP program. 
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2.3 Results 
2.3.1 Detection of the STS and EST Markers from PCR-SSCP Test 
2.3.1.1 DNA Sample Preparation 
Genomic DNA samples were prepared from Ledodes dikaryon strain L54 and 
two parental monokaryons (L54-A and L54-B) growth in PDB. The DNA prepared 
by the modified conventional method had concentrations ranged from-340-820ng/ml 
and A鳩训/八28�丨抓 ratio in range of 1.574 to 1.818. The DNA samples under 
electrophoresis are shown in figure 2.3.1. 
2.3.1.2 Primers Designed for STS and EST Amplification 
Using of Oligo 4.0 program, 70 pairs of primers named STS1-STS8 and 
EST9-EST70 were designed from the Ledodes DNA and cDNA sequences 
respectively. The information of primers is listed in table 2.3.1. Five pairs of primer 
were designed from the sequences obtained from the genomic library (STSs), 10 
pairs from published gene sequences of Ledodes (STSs and ESTs) and 55 pairs from 
the primordia cDNA library (ESTs). 
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6 
Figure 2.3.1 Screening of the DNA samples of Ledodes strain L54 
and parents L54-A and L54-B prepared through the conventional 
fungi DNA extraction method with additional washing with 
phenol:chIoroform:isoamyIalcohol for removing impurities. Lane 
1-2 are DNA of L54; lane 3-4 are DNA of L54-A and; lane 5-6 are 
DNA of L54-B. Their A260/A280 ratios and concentrations (ng/ml) 
are: lanel (1.574;441.7); lane 2 (1.605;433.3); lane3 (1.621;347.2); 
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2.3.1.3 Size Differences between Experimental and Expected PGR Products 
All primer pairs could successfully amplify specific products in the PGR using 
the DNA template of L54. The annealing temperature used of most PGR was 55°C. 
But for EST30, EST31, EST35 and EST46, PGR products were only amplified 
successfully when the annealing temperature was lower to 51°C. 
When screening the PGR products with 1% TBE agarose gel electrophoresis, it 
was found that some of them had significant size differences from which were 
expected from the original sequences. The size of PGR products then were estimated 
by the assays with 2% TBE agarose gel (Seakem) electrophoresis at lower voltage 
(i.e. 80V) and using lOObp DNA ladder (Pharmaca) as reference. Since the resolution 
of 2% agarose gel was not very high, it was arbitrarily defined that the size variation 
was significant when the difference was larger than �30bp. By this definition, there 
were 36 out of 70 PGR products exhibiting this arbitrary size difference. The size 
variations between expected and experimental PGR products are listed in table 2.3.2. 
2.3.1.4 Markers of PGR Polymorphism (PCRP) 
When conducting the PGR with the DNA templates of L54-A and L54-B, PGR 
polymorphisms were accidentally observed in EST31 and EST52, i.e., one DNA 
template produced the desired PGR product while another did not. Figure 2.3.2 were 
the patterns of these PCRP markers. They were confirmed by several repeating PGR 
in the same specific conditions. 
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Table 2.3.2 
Size differences between the expected and the experimental PCR products 
Marker Expected Experimental Difference� Intrond 
size' (bp) size'' (bp) 
STSl 203 200 -3 _ 
STS2 234 230 -4 
STS3 191 190 -1 
STS4 246 240 6 _ 
STS5 218 220 2 _ 
STS6 138 150 12 _ 
STS7 147 160 13 _ 
STS8 155 160 5 _ 
EST9 146 150 4 
ESTIO 145 150 5 
ESTll 157 160 3 
EST12 161 170 9 
EST13 159 160 1 
EST14 137 260 123 + 
EST15 148 150 2 
EST16 161 220 59 + 
EST17 156 200 44 + 
EST18 140 190 50 + 
EST19 150 200 50 + 
EST20 148 200 52 + 
EST21 138 140 2 
EST22 155 220 65 + 
EST23 182 180 -2 
EST24 159 210 51 + 
EST25 161 160 -1 
EST26 125 130 5 
EST27 177 180 3 
EST28 189 190 1 
EST29 171 280 109 + 
EST30 162 160 -2 
EST31 168 210 42 + 
EST32 139 190 51 + 
EST33 177 180 J 
EST34 124 130 6 
EST35 155 160 5 
EST36 150 200 50 + 
EST37 138 200 62 + 
EST38 153 280 127 + 
EST39 179 310 131 + 
EST40 165 240 75 + 
39 
Chapter 2 Mapping of STSs and ESTs with PCR-SSCP 
Table 2.3.2 (continued) 
Size differences between the expected and the experimental PCR products 
Marker Expected Experimental Difference� In t iW 
size" (bp) size'' (bp) 
EST41 151 210 59 + 
EST42 152 150 -2 _ 
EST43 153 210 57 + 
EST44 173 190 17 _ 
EST45 167 180 13 _ 
EST46 130 190 60 + 
EST47 174 230 56 + 
EST48 169 220 51 + 
EST49 166 160 -6 
EST50 164 210 46 + 
EST51 159 150 -9 
EST52 129 190 61 . + 
EST53 134 150 16 
EST54 170 260 90 + 
EST55 132 260 128 + 
EST56 164 160 -4 
EST57 153 230 77 + 
EST58 135 250 115 + 
EST59 156 150 -6 
EST60 177 170 -7 
EST61 156 300 144 + 
EST62 155 220 65 + 
EST63 176 160 -16 
EST64 163 150 -13 
EST65 149 220 71 + 
EST66 161 200 39 + 
EST67 175 230 • 55 + 
EST68 151 150 -1 
EST69 180 220 40 + 
EST70 
a t • • 
166 210 44 + 
, I I O ^ ‘ ‘ ^ v / i i 1,1 I V \ J l i g i i i a i 
sequences 
'experimental size was estimated by 2% TBE agarose gel (Seakem) electrophoresis with 
lOObp DNA ladder (Pharmaca) as reference 
Cexperimental size minus expected size 
dsize varied more than 30 bp were arbitrarily regarded as significantly different and 
containing intron; +: present of intron; -: absent of intron 
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Figure 2.3.2 Markers showing PCRP between L54-A and L54-B: 
(a) lane 1 is lOObp ladder and lane 2-4 are PGR product of EST31， 
using DNA of 54-A，L54-B and L54; (b) lane 1 is lOObp ladder and 
lane 2-4 are PGR product of EST52 using DNA of L54，L54-A and 
L54-B 
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2.3.1.5 Markers of PCR-SSCP and PCR Length Polymorphism (PCR-LP) 
Except EST31 and EST52, all the STSs and ESTs were tested for single-strand 
conformational polymorphism. Seventeen polymorphic STS/EST markers have been 
detected in total. Eight of them were SSCP positive (figure 2.3.3) and nine of them, 
differently, exhibited not only SSCP but also the length polymorphisms (LP) in the 
non-denatured or re-natured PCR products (figure 2.3.4). PCR-LP were also found in 
other two ESTs, EST 14 and EST70，showing only the PCR-LP but no SSCP when 
assayed in 12.5% PAGE (figure 2.3.5). Tables 2.3.3 and 2.3.4 are the details of those 
polymorphic STS/EST markers. 
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Figure 2.3.3 Markers showing SSCP in the PCR-SSCP test 
using GeneGel Excel 12.5/24 kit and PlusOne DNA silver stain 
kit: (a) marker EST29 demonstrates as the control of SSCP 
negative. Bands at the upper part of gel are the SSCP pattern of 
the markers and bands at the bottom are the non-denatured or 
re-natured PGR products; (b) STS6，(c) STSS, (d) ESTIO, (e) 
EST51，(f) EST57 (g) EST60, (h) EST68 and (i) EST69 exhibit 
the SSCPs between L54-A and L54-B 
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Figure 2.3.4 Markers showing both SSCP and PCR-LP in the 
PCR-SSCP test using GeneGel Excel 12.5/24 kit and PlusOne DNA 
silver stain kit: Bands at the upper part of gel are the SSCP pattern 
of the markers and bands at the bottom are the non-denatured or 
re-natured PGR products with length polymorphism: (a) EST18, (b) 
EST22，(c) EST27，（d) EST28, (e) EST32，(f) EST36, (g) EST38, (h) 
EST43 and (i) EST62 are detected with both SSCPs and PCR-LPs 
between L54-A and L54-B 
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(a) B A L54 (b) B 
Figure 2.3.5 Markers showing only PCR-LP in the 
PCR-SSCP analysis using GeneGel Excel 12.5/24 kit and 
PlusOne DNA silver stain kit: Bands at the upper part of 
g d are the SSCP patterns (negative) and bands appear 
at the bottom are non-denatured or re-natured PCR 
products with different sizes: (a) EST14 and (b) EST70 
exhibit the PCR-LPs between L54-A and L54-B 
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Table 2.3.3 
Information of the STSs and ESTs detected with SSCP or PCR-LP 
(for the published L.edodes gene sequences) 
Marker Polymorphic 
type 
Tag identity Accession No. on 
GenBank 
Reference 
STS6 SSCP Le. ras (DNA) D00742 Hori et ai, 1991 
STSS SSCP Le.prM(DNA) X60956S37991 Kajiwara et ai, 1992 
ESTIO SSCP Le. MFB2 (mRNA) D14488D01210 Ishibashi et ai, 1996 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 2 Mapping of STSs and ESTs with PCR-SSCP 
2.3.2 Mapping of the STS/EST Markers 
2.3.2.1 DNA Templates of SSIs 
Inherence of STS/EST markers among the progenies of L.edodes strain L54 
were studied after the makers had been identified. The Fastprep Kit (Biol01) was 
utilized to prepare the genomic DNA of 44 single spore isolates for PGR. The DNA 
samples were directly assayed with 1% TBE agarose gel electrophoresis (figure 2.3.6) 
and their PGR efficiencies were also checked with PGR using primer EST 18 (figure 
2.3.7). Gel analysis showed that although the DNA samples prepared by Fastprep Kit 
seemed to contain certain impurities, their PGR efficiencies were acceptable and 
comparable with those DNA prepared from the modified conventional method. 
2.3.2.2 Polymorphism Profiles of STSs and ESTs among the L54-SSIs 
Twenty-one polymorphic STS/EST markers were identified with SSCP, 
PCR-LP or PCRP between parents L54-A and L54-B. The patterns of these markers 
among their progenies were investigated by conducting the corresponding tests. For 
testing those markers of SSCP, same procedures described in chapter 2.2.1.4 to 
2.2.1.6 were followed. For those markers showing the PCR-LP only, the steps for 
DNA denaturing were omitted in order to give a more obvious result. Figure 2.3.8 is 
showed as example to illustrate the SSCP and PCR-LP pattern of EST18 among the 
SSIs. 
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9 10 11 
• 气 * 紙 > i r f •兔” ' • • - 1 終 J . 
Figure 2.3.6 Screening of the DNA samples prepared through FastPrep Kit 
(BiolOl) with additional washing with phenol:chloroform:isoamylalcohoI. 
For each sample, 2^1 of DNA solution is directly assayed in the TBE agarose 
gel e l e c t r o p h o r e s i s : � lane 1-11 are SSI-2，5，8,10，11，12，13，15，16，17 and 
18; (b) Ianel-10 are SSM9, 20，21，22，24，25，26, 27，28 and 30; (c) lanel-12 
are SSI-34, 36，37，39，41，58, 60，61，62，63, 71 and 73; (d) l a n e M l are SSI-
76，105, 106,109，112，117，120,121，122，123 andl24 
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Figure 2.3.7 PGR products of EST18. Figure (a)-(d) are PGR products using 
different SSI DNA templates extracted by FastDNAT™ kit: (a) lane 1-12 are 
SSI-2，5, 8, 10，11，12，13, 15，16，17 and 18, and Ianel2 is lOObp DNA ladder; 
(b) lane 1-12 are SSI-19，20，21，22，24, 25, 26，27，28, 30，34 and 36; (c) lane 1-
12 are SSI-37, 39，41，58，60，61, 62，63，71，73，76 and 105; (d) lane 1-9 are SSI-
106，109，112, 117，120，121，122，123 and 124. Figure (e) are PGR products 
using the DNA templates extracted by conventional method: lane 1 are lOObp 















































































































































































































































































































































































































































































































Chapter 2 Mapping of STSs and ESTs with PCR-SSCP 
(a) 1 2 3 4 5 6 7 8 (b) 1 2 3 4 5 6 7 8 9 10 瞧 
(c) 1 2 3 4 5 6 7 8 9 10 (d) 1 2 3 4 5 6 7 8 9 10 
(e) 1 2 3 4 5 6 7 8 9 
Figure 2.3.9 PCRP profile of EST31 among the SSI assayed by 1.0% 
TBE agarose gel electrophoresis with ethidium bromide staining: (a) lane 
1-8 are L54, L54-A, L54-B, SSI-2, 5，8，10 and 11; (b) lane 1-10 are SSI-
12，13，15，16，17，18,19，20，21 and 22; (c) lane 1-10 are SSI-24, 25，26，27， 
28，30，34，36, 37 and 39; (d) lane 1-10 are SSI-41, 58，60，61, 62，63’ 71，76 
and 105; (e) Lane 1-9 are SSM06, 109, 112，117，120，121，122, 123 and 
124 
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For the PCRP, PGR products of SSIs were assayed by 1% TBE agarose gel 
(Seakem) electrophoresis with ethidium bromide staining. Figure 2.3.9 shows the 
PCRP profile of EST31 among the SSIs. The SSIs amplified with no PGR products 
were re-tested twice to ensure their null characters of the PCRP. 
The details of polymorphism distribution among the SSIs are recorded in table 
2.3.5. 
2.3.2.3 Chi-square Test 
The segregation ratios of the STS/EST markers among SSIs were examined 
with Chi-square test, with significant level 0.05 and degree of freedom one. Table 
2.3.6 is the summary of STSs and ESTs inherence and their validity for subsequent 
linkage analysis. Based on the results, seventeen STS/EST makers scored the p 
values greater than 0.05, implying that their inherence did not significantly deviated 
from mendelian ratio 1:1 and thus were appropriated for mapping analysis. For the 
remaining four markers, however, the derivations between the observed and 
predicted result was substantial and should be discarded because they did not like 
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Table 2.3.6 
Summary of polymorphic markers and their validity for linkage analysis 
Marker Polymorphism Type Ratio a Significance ^ Validity ‘ 
STS6 SSCP 23:21 0.09 NS� Yes 
STS8 SSCP 24:20 0.36 NS Yes 
ESTIO SSCP 25:19 0.82 NS Yes 
EST14 PCR-LP 23:21 0.09 NS Yes 
EST18* SSCP + PCR-LP 23:21 0.09 NS Yes 
EST22 SSCP + PCR-LP 23:21 0.09 NS Yes 
EST27 SSCP 21:23 0.09 NS Yes 
EST28 SSCP + PCR-LP 33:10^ . 12.30 p<0.05 No 
EST31 PCRP 19:25 0.82 NS Yes 
EST32* SSCP + PCR-LP 23:21 0.09 NS Yes 
EST36 SSCP + PCR-LP 22:22 0.00 NS Yes 
EST38 SSCP + PCR-LP 30:14 5.82 p<0.05 No 
EST43 SSCP + PCR-LP 24:20 0.36 NS Yes 
EST51 SSCP 22:22 0.00 NS Yes 
EST52 PCRP 26:18 1.20 NS Yes 
EST57 SSCP 23:21 0.09 NS Yes 
EST60 SSCP 23:21 0.09 NS Yes 
EST62 SSCP + PCR-LP 14:30 5.82 p<0.05 No 
EST68 SSCP 22:22 0.00 NS Yes 
EST69 SSCP 29:15 4.45 P<0.05 No 
EST70 PCR-LP 22:16^ 0.95 NS Yes 
a ratio of inheritance among 44 SSIs; expressed as form of L54-A :L54-B 
significance of derivation from the expected 1:1 segregation ratio 
‘non-significant, where p > 0.05 
d marker valid for linkage analysis 
"one SSI data missed 
� s i x SSI data missed 
*cDNA clone of EST32 was found identical to that of EST 18 in later verification; their identity and 
inherent pattern were the same 
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2.3.2.4 Repeated EST Markers 
Although markers EST18 and EST32 came from different cDNA clones and 
their raw nucleotide sequences were slightly different, their inherence profiles among 
the SSIs were identical. Moreover, they have the similar PCR-LP. After re-posting 
the sequences for query on the GenBank, they hit the same hydrophobin gene of 
P.ostreatus with different Poissonp-value (see table 2.3.4). It was believed that these 
two markers were representing the same hydrophobin gene and thus were treated as 
one marker in the linkage analysis. 
2.3.2.5 Anonymous Expressed Sequence Tag - EST31 
Basically, only the cDNA clone sequences hitting genes on GenBank query 
were selected for the mapping study. However, because of some experimental 
mistakes, the PCRP marker EST31 was found not having satisfactory score in the 
gene matching game during later verification. It hit Nucleoporin NUPl in 
S.cerevisiae with P(l)=0.98. In general, sequence similarities identified by the 
BLAST programs were considered statistically significant with ;?<0.01 (Adams et al, 
1991). Therefore, EST31 was regarded as anonymous EST of Ledodes without an 
identity. 
However, this anonymous EST was detected at high frequency in the cDNA 
library. In the 405 cDNA clones which have been sequenced, nine copies of that EST 
were found. Also, this EST was differentially expressed during fruiting process of 
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mushroom (unpublished data). Although the identity was unknown at this point of 
time, it was not meaningless to map EST31 as it was probably a novel gene of 
L.edodes relating to the fruiting process. 
2.3.2.6 Linkage Analysis and Mapping of Markers 
The linkage relationships between the valid STS/EST makers were analyzed 
with the software program MAPMAKER v3.0 (White head institute, US). Two sets 
of analyses were carried out. First analysis was the studying of linkage relationships 
between the 16 STS/EST markers identified. The second analysis was to assign the 
STSs and ESTs to the relative positions in the RAPD linkage map of L.edodes. 
2.3.2.6.1 Linkage Relationships between the 16 STS/EST Markers 
The data of all 44 SSIs were used for analyzing the linkage between the 
STS/EST markers found in this study. The markers were considered linked when the 
LOD score between them was greater than 3.0 and recombination was lesser than 
-50o/o. After two-point analysis, 14 of them, were assigned into five linkage groups 
based on their pairwise LOD scores (table 2.3.6). The markers EST31 and EST60 did 
not score with confidence and therefore not be concluded into any linkage groups. 
The relative positions of the 14 linked markers within their assigned groups were 
calculated by maximum likelihood estimation and shown in figure 2.3.10. The 
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EST22 Ubiquitin 
EST27 Hypothetical 18.3KD 
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1,4-alpha-glucan branching enzyme 
STT3 protein 
Glyceraldehyde-3-phosphate dehydrogenase 
Pyruvate dehydrogenase El component， 
beta subunit precursor 
Figure 2.3.10 Genetic linkage map of Ledodes comprising of two 
STSs and 12 ESTs allocated into five groups. Marker names are 
indicated on the right side of each locus. The relative distances leant 
on the left side are estimated percent recombination between the 
markers (in cM), which are depicted as the maximum likelihood 
solutions provided by MAPMAKER/MAP (version 3.0). The total 
distances of each linkage group are listed beside the group number 
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2.3.2.6.2 Mapping of the STS/EST Markers onto the RAPD Linkage Map 
In another linkage analysis, the STSs and ESTs were allocated into the RAPD 
map of Ledodes. In the RAPD map study, 32 SSIs data were utilized for analysis. 
However, only 28 SSIs data in this study were matched with the previous study. The 
four SSIs data were considered as the 'missing data' in the linkage analysis by the 
MAPMAKER/MAP program. The final linkage analysis was conducted with 76 
RAPD markers and two mating-type markers (32 SSIs data), and 16 STS/EST 
markers (28 comparable SSI data). The pairwise LOD scores of the 16 STS/EST 
markers against the RAPD markers and mating-type markers are listed in tables 2.3.8 
and 2.3.9 respectively. The new linkage map of Ledodes was constructed with total 
57 RAPD markers, 2 mating type markers and 16 STS/EST markers. Thirteen 
linkage groups ranged from 0.1 to 145.8cM in length were summarized (figure 
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Figure 2.3.11 A linkage map of Ledodes consisting of 75 markers allocated into 13 linkage groups. Marker 
names are indicated on the right side of each locus. The relative distances marked on the left side are estimated 
percent recombination between the markers (in cM), which are depicted as the maximum likelihood solutions 
provided by MAPMAKER/MAP (version 3.0). Total distances of each linkage group are listed with the group 
number 
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2.4 Discussion 
2.4.1 DNA Template Preparation 
In this study, DNA templates were prepared by two methods: i) conventional 
fungi DNA extraction methods with extraction buffer and ii) FastDNA^"" Kit. 
Although the procedures were complicated and time consuming, the conventional 
method could prepare DNA with high quality that is suitable for regular PGR and 
RAPD amplification (Xu, 1997). On the other hand, the FastDNA^'" Kit is a 
convenient and rapid means to prepare PCR-ready genomic DNA from cells. It was 
especially appropriate for DNA preparation from large number of samples. The 
additional washing with phenol:chloroform:isoamylalcohol could improve the purity 
of the DNA samples. The-PGR products amplified from those DNA templates were 
also proved suitable for SSCP test in this experiment. 
2.4.2 Size Difference Between Expected and Experimental PGR Product 
In the PGR step, some PGR products were significantly larger than what were 
expected according to the original sequences. The size difference might due to the 
occurrence of introns in the amplified fragment, since the template used for PGR was 
genomic DNA of Ledodes. The arbitrary 30bp threshold was defined based on the 
results observed. In fact, the resolution of 2% TBE agarose gel was not good enough 
to show accurately whether the PGR were longer than expected because the sizes of 
introns can vary greatly (Lewin, 1997). 
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2.4.3 PGR Polymorphism (PCRP) 
Two markers, i.e. EST31 and EST52 were detected with the PGR polymorphism 
(PCRP) in this study. Most of the EST primers were originated from the cDNA 
sequence of primordia which was dikaryotic in nature. Sometimes the cDNA 
sequence of primordia would be detected with two different nucleotide signals at 
same sequence position, where the polymorphism may exist. The two EST primers 
most probably were designed right from those polymorphic regions. The sequence 
polymorphism might effective enough to impede the annealing of primer in the 
specific conditions. It might result only one successful primer annealing in either one 
of the PGR and finally outcome with PCRP. The PCRP test among the SSIs further 
proved that the PCRP of those ESTs were consistent under controlled PGR 
conditions. 
2.4.4 PCR-LP 
In the detection of SSCP, two markers exhibited only the PGR product length 
polymorphisms in the PAGE. In practice, it is impossible to denature all the DNA 
fragments completely and the third bands of varying intensity were always observed 
(Dean and Gerrard, 1991). The PCR-LP may be due to the existence of intron in 
either one of the amplified DNA copies, which may cause the detectable size 
difference. In these cases, the intron existed might or might not affect the folding of 
the single stranded DNA. However, it seemed that the occurrence of intron did not 
affect the mobility of the folded single-stranded DNA during PAGE (Hayashi, 1992). 
70 
Chapter 2 Mapping of STSs and ESTs with PCR-SSCP 
In fact, the length polymorphism could almost always be detected as 
PCR-SSCP also. In this study, nine markers detected with PCR-LP could also be 
detected with PCR-SSCP. 
2.4.5 PCR-SSCP 
2.4.5.1 Primer Designed for PCR-SSCP 
Selection of primer for PCR-SSCP test was a critical step for EST/STS mapping. 
First, the primer should amplify the ESTs or STSs specifically. Non-specific PGR 
products may affect the validity of the marker because no methods to prove the SSCP 
detected is due to the non-specific PGR products or the STSs/ESTs, or both. Second, 
the size of EST/STS amplified is limited. Generally, the longer the fragment 
amplified, the larger chance for mutation detection. However, oligonucleotides larger 
than 300bp may result in poor SSCP detection (Hayashi and Yandell, 1993; Sarkar et 
aL, 1992). 
Primer pairs amplifying 150-300bp fragments were designed from the cloned 
sequences, which were usually 300-700bp in length. Because other factors such as 
primer's internal stability, dimer or hairpin formation, GC-content and Tm 
differences may also affect the PGR efficiency, occasionally it was unable to design 
suitable primers for the STSs or ESTs. 
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2.4.5.2 Markers Producing Efficiency of PCR-SSCP Test 
Seventy STSs and ESTs were tested in the study. There are totally 21 
polymorphic markers (30%), including one repeated, were identified and 16 of them 
(22.8% in total) were successfully assigned onto the RAPD linkage map of Ledodes. 
In terms of genetic marker generation, PCR-SSCP would not be the most 
efficient technique for the purpose of constructing a high density linkage map when 
comparing with amplified fragment length polymorphism (AFLP) or restriction 
fragment length polymorphism (RFLP), which were usually applied to construct the 
high dense genetic linkage map (Lander and Botstein, 1988; Nandi et al” 1997). 
However, PCR-SSCP is a valuable tool for specific mapping of the known DNA 
sequences, especially the expressed gene sequences, on the genetic maps existed and 
it has been used extensively in current genome mapping works (Miller, 1997). 
To increase the probability of SSCP detection in DNA sequence, it is important 
to know first at where the DNA sequences would be less conserved. In human 
genome, it was estimated that, on average, every few hundred base pairs might 
contain one polymorphism (Botstein et al., 1980; White and Labouel, 1988). The 
PCR-SSCP analysis of randomly chosen region of several hundred base pairs is 
likely to reveal sequence polymorphism, especially when the region is apparently 
nonfunctional (Orita et a!.’ 1989b). For example, introns of gene not only vary more 
greatly but also in some cases contain highly polymorphic sequences, such as 
VNTRs (a variation in the number of tandem repeats) and minisatellites (Furutani et 
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al, 1986). Moreover, the DNA sequences at 3’ untranslated regions (3UTR) were 
believed to have less conservation and greater degree of polymorphism when 
compared with other gene sequences (Epstein, et al, 1990). 
A similar situation was deduced in the mushroom genome. Most of the 
polymorphic markers detected in this experiment were amplified from 3UTR of the 
cDNA clone sequences. Among 17 EST markers, at least 12 of them were shown to 
have introns inside the amplified sequence, based on the size difference between the 
expected and experimental PGR products. 
Many methods have been reported to improve the detection of SSCP. One of 
them is to amplify a larger DNA fragments and digest them with appropriate 
restriction enzyme before running on a SSCP gel (Dean and Gerrard, 1991). 
2.4.6 Linkage Map of L.edodes 
2.4.6.1 Map Distance 
The unit of genetic linkaeg map, i.e., centimorgans (cM), is related to the 
recombination frequency between loci during meiosis. In principle, the minimal 
distance or the unit distance between two linked, but not overlapped, markers is 
depended on the number of progenies involved in the map construction. Generally, 
the more progenies involved in the study the more fineness of the linkage map. 
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In this study, 32 SSIs were used in the linkage map construction. Suppose that 
only one recombination happened with two markers, the minimal or unit distance 
(except the overlapping markers) should be: 
— = 3.13cA/ 
32 
In the reality, however, the unit distance resulted on the linkage map was not 
strictly fixed as 3.13cM. The main reason is the MAPMAKER/EXP program would 
make automatic adjustment in the maximum likelihood estimation during allocating 
the linked marker in a linear order and calculating the distance. Moreover, because of 
some marker data of SSIs were missed, mapping program would automatically 
perform the self-regulations of data during computation. In short, the linkage map 
finally resolved would have no special fixed unit distance based on the number of 
progeny in the linkage analysis. 
2.4.6.2 Linkage Groups 
In a previous study, L. edodes was reported to have eight chromosomes through 
the contour-clamped homogeneous electric field gel electrophoresis and the electron 
microscope (Arima and Morinaga, 1993). The allocation of 16 STS/EST markers 
onto seven linkage groups would coincide with the results of this study. However, 
the current L edodes genetic map comprises 13 linkage groups, not eight in total. 
This discrepancy was explained by Xu (1997) that some linkage groups in the map 
may be joined if more markers or SSI data were available. Evidences obtained in this 
study would support this explanation. In the linkage map constructed with 14 
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STS/EST markers (figure 2.3.10), linkage of STS6, EST22, EST27 and EST57 was 
proven by computation. Besides, marker STS60 was considered unlinked to any 
STS/EST markers. When putting them into the analysis with the RAPD markers, 
EST22 and EST57 were located into linkage group V，meanwhile, markers STS6 and 
STS27 were assigned into linkage group III，at where EST60 was lying (figure 
2.3.11). These evidences demonstrated that the size of data analyzed would 
significantly affect the linkage result and strengthened the Xu's explanation. 
2.4.6.3 Map Markers 
The linkage map of Ledodes constructed in this experiment contains 75 markers, 
including 57 RAPD markers, two mating type markers, one anonymous polymorphic 
EST and 15 STS/EST markers with putative gene identities. The putative gene 
identity of STS and EST is summarized in table 2.4.1. These markers were finally 
assembled into 13 linkage groups with a total length of 653.2cM. To date, it is the 
most marker-rich genetic linkage map of Ledodes. 
As the length of a complete genetic map of Ledodes has been estimated to be 
1200cM (Xu, 1997), the current genetic map covers above half ( � 5 4 % ) of the whole 
genome of Ledodes. The linkage map can be further enriched with valuable markers, 
such as gene-based markers or agronomic trait markers. 
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Table 2.4.1 
Summary of the STS/EST Markers on the Ledodes linkage map 
Marker Gene/Putative Gene Identity Function Linkage 
Group 
STS6 Le. ras Ras protein III 
STSS Le. priA Putative DNA 
transcription factor 
I 
ESTIO Le. MFB2 Putative cell-binding 
activity 
II 
EST14 Lt.priB Putative DNA 
transcription factor 
I 











EST31 Anonymous EST - VIII 
EST36 Probable membrane protein YDL072c - IV 
EST43 GTP-binding protein Intracellular transductor I 
EST51 Glycine dehydrogenase 
(decarboxylating) precursor 
Amino acid metabolism I 
EST52 1,4-alpha-glucan branching enzyme Sugar metabolism / 
glycolysis 
XII 
EST57 STT3 protein Stress protein V 
EST60 Endo-1,4-beta-xylanase B precursor Secondary metabolism III 
EST68 Glyceraldehyde-3 -phosphate 
dehydrogenase 
Sugar metabolism / 
glycolysis 
IV 
EST70 Pyruvate dehydrogenase El component, Sugar metabolism / 
beta subunit precursor glycolysis 
XII 
'unknown, unclassified or not defined yet 
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Chapter 3 
Mapping of Agronomic Features of L.edodes 
3.1 Literature Review 
3.1.1 Aroma Feature of L.edodes 
3.1.1.1 Volatile Compounds in Shiitake {L.edodes) Mushroom 
Market prices of shiitake mushrooms can be greatly varied depending on their 
qualities. One of the price-determining factors is the aroma quality of mushroom, 
especially to the dry preserved shiitake. Dried shiitake mushroom exhibits the unique 
flavor that widely appreciated by consumers in Asia and Western countries (Jong and 
Birmingham, 1994). Apart from gourmandism, mushrooms secrete volatiles to meet 
specific needs of themselves. Some aromatic volatiles of mushroom have been 
proven with significant antibiotic activities against microorganisms including 
bacteria and fungi (Beltran-Garcia et al., 1997; Yasumoto et al, 1971a). That feature 
is particularly important to saprophytes to defend the competitive microbes in their 
growth environment. 
The 8C-alcohol, l-octen-3-ol is the main aroma compound in macerated fresh 
shiitake mushroom firstly reported by Kameoka and Higuchi (1976). In a later study, 
a group of 8C-compounds including l-octen-3-ol were identified in the mixture of 
fresh shiitake and the alkaline hydrolysate of sunflower oil (table 3.1.1). These 
8C-compoiinds in fresh shiitake mushroom are formed enzymatically during the 
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oxidation of linoleic acid, which is the precursor of the 8C-compounds in the 
proposed synthetic pathway with involving lipoxygenases, hydroperoxide lyases and 
oxidoreductases (Tressl et aL, 1980). Lipoxygenases are suggested to be the key 
enzyme in the biosynthesis of flavor compounds in mushroom, bypassing the 
hydroperoxide formation of unsaturated fatty acids, which in turn are cleaved to 
volatile aldehydes and alcohols (Assaf et aL, 1997). In fact, l-octen-3-ol is 
commonly recognized as the 'mushroom alcohol' because it occurs in many species 
of fresh mushrooms, for example, Agaricus campesths (Tressl et aL, 1982), Agaricus 
bisporus (Mau et aL, 1992), Pleurotus ostreatus (Beltran-Garcia et aL, 1997) and 
Pleurotus pulmonarius (Assaf et aL, 1997). 
Commercial dried shiitake mushroom exhibits stronger and richer flavor when 
compared with the fresh fruiting body. However, the l-octen-3-ol content in dried 
shiitake is usually 1-4% of the fresh shiitake only (Chen et aL, 1986). It was known 
that a group of S-containing compounds instead of the 8C-compounds was 
principally responsible for the characteristic flavor in dried shiitake. Lenthionine 
(1,2,3,5,6-pentathiepane, C2H4S5) was the first aromatic volatile identified in the 
dried shiitake (Morita and Kobayashi, 1966). This S-containing compound develops 
gradually on crushing the fresh fruiting bodies of shiitake or on macerating the dried 
shiitake mushroom in water, particularly optimum in alkaline conditions (Ito et aL, 
1978; Chen and Ho, 1986). Totally nine cyclic S-containing compounds and ten 
non-cyclic S-compounds (table 3.1.2) have been identified in the extract of fresh 
shiitake blended in pH 9.0 buffer solution (Chen et aL, 1986). Lentinic acid is the 
common precursor of lenthionine and other cyclic S-compounds in the hypothetical 
enzymatic pathway deduced from a series of studies (Iwami et ciL, 1975a, 1975b, 
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1975c; Yasumoto et al, 1971a, 1971b). y-Glutamyl transpeptides and cysteine 
sulfoxide lyase are the two main enzymes catalyzing the conversion of lentinic acid 
to the S-cyclic compounds. 
3.1.1.2 Fragrance Signature of Shiitake Mycelium 
A short description derived from a mushroom cultivator handbook mentioned 
that the odor of shiitake spawn was similar to the crushed fresh mushroom, 
sometimes slightly astringent and musty (Przybylowicz and Donoghue, 1990). The 
sawdust spawn has a sweeter, fresh and pleasing smell (Stamets, 1993). In fact, not 
many reports on the shiitake mycelium odor had been published. In 1990, the 
influence of culture conditions on production of flavor compounds by 29 ligninolytic 
basidiomycetes, including Ledodes, was studied. Floral, almond, fruity, rubber and 
apple were the GC-0 odor descriptions of the Ledodes mycelium by the sensory 
evaluation panel (Gallois et al, 1990). The combinations and intensities of odor were 
slightly altered when different culture media were used. The volatiles extracted from 
the Ledodes mycelium were identified by GC-MS and listed in table 3.1.3. 
Surprising, l-octen-3-ol was not in the compound list of Ledodes though it had been 
reported in other basidiomycetes mycelia such as Fomes annosus, Phellinus 
contiguus, Poria subvermispora and Armillaria mellea in the same study (Gallois et 
al., 1990). 
Recently, detection of lenthionine in oven dried shiitake mycelium was reported 
in a study of bioactive compound production by L. edodes mycelium in submerged 
fermentation (Lelik et al., 1997). However, the quality and quantity of lenthionine 
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were not revealed in detail. 
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Table 3.1.1 
Volatile components of fresh shiitake mushroom blended 
with base hydrolysate of sunflower oil 
Compounds Relative % 
Alcohols 3-Octanol 0.19 
l-Octen-3-ol 79.83 
1 -Octanol 1.08 
2-Octen-l-ol 5.86 
Aldehydes Hexanol 0.05 
2-Octenal 0.09 




Sulfur containing Dimethyl disulfide 0.69 
Compound Dimethyl trisulfide 3.72 
1 -Methylthio-dimethyl disulfide 0.22 
1,2,4-Trithiolane 0.19 
(Data from Chen et al., 1986) 
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Table 3.1.2 
Volatile sulfurous compounds in shiitake mushroom 
macerated in pH 9.0 buffered solution 
Sulfurous Compounds MW" 
Cyclic 1，3-Dithietane 92 
1,2,4-Trithiolane 124 14.04 
1,3,5-Trithiane 138 + 
1,2,4,5-Tetrathiane 156 42.34 
1,2,3,5-Tetrathiane 156 2.18 
1,2,4,6-Tetrathiepane 170 + 
Lenthionine (1,2,3,5,6-Pentathiepane) 188 39.70 
1,2,4,5,7-Pentathiocane 202 + 
1,2,3,5,6,8-Hexathionane 234 + 
Non-Cyclic Methane thiol 48 0.62 
Carbon disulfide 76 4.92 
Methyl hydrodisulfide 80 0.17 
Dithiomethane 80 0.16 
Dimethyl disulfide 94 + 
Dimethyl trisulfide 126 2.72 
Methylthiomethyl hydrodisulfide 122 1.04 
Dimethyl tetrasulfide 158 + 
2,3,5,6-Tetrathiohephane 172 + 
1,2,4,7,9,10-Hexathiododecane 278 + 
(Data from Chen et al., 1986) 
a molecular weight of compound 
b relative percentage 
trace detection 
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Table 3.1.3 
Tentative flavor compounds identified in L.edodes 
mycelium cultivating in liquid media 
Compounds Odor assessments Concentration (jxg 厂) 
0-50 50-250 
Alcohols 1 -Pentanol Rubbery, harsh + 
2-Methyl 1 -propanol Butanol + 
3-Methyl 1-butanol Cheese-like, pungent + 
2,3-Butanediol Fatty + 
2-Phenyl ethanol Fade rose + 
3-Phenyl propanol Floral + 
Ketones 3 -Me-8 -hy droxy-3,4-dihy dro Rubbery, balsamic, + 
-(7//)-2-benzopyran-1 -one floral -
Esters Ethyl heptanoate Floral, fruity wine-like + 
(Data from Gallois et al., 1990) 
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3.1.2 Mapping of Quantitative Trait Loci (QTL) 
3.1.2.1 Complex Traits 
Application of genetic mapping allows geneticists to locate genes or loci 
responsible for simple mendelian phenotypes. However, most heritable patterns of 
phenotypes do not simply follow the classic mendelian inheritance. Such phenotypes 
not exhibiting monogenic inheritance are generally referred as complex traits. 
Generally, trait complexities arise when the simple agreement between genotype and 
phenotype breaks down. The reasons may include incomplete penetrance, phenocopy, 
genetic heterogeneity, polygenic inheritance, high frequency of trait-causing alleles 
and specific transmission mechanisms such as imprinting, anticipation and 
mitochondrial inheritance (Lander and Schork, 1994). It is rare to acquire a single 
genetic marker that perfectly links to a complex trait in a genetic analysis. 
Genetic study of complex trait is not only important to medical genetics but also 
to studies of mammalian development and to practical works in agricultural 
improvement. With the advent of dense genetic linkage maps, geneticists have 
derived a variety of analytical methods for complex trait dissections. These methods 
can be classified into four approaches, namely, linkage analysis, allele-sharing 
methods, association studies and QTL mapping (Lander and Schork, 1994). 
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3.1.2.2 Quantitative Traits Locus (QTL) 
Many phenotypic traits of plants and animals are quantitative rather than 
discrete in nature. Variation without natural discontinuities is called continuous 
variation and the exhibited characters are called quantitative or metric characters, as 
their study depend on measurement rather than on counting (Falconer and Mackay, 
1996). To some extent, variations between populations are maintained and offspring 
always tend to resemble their parents, implying that there are some genetic 
components to the variations. The genetic basis of such phenotypic variation always 
lies in the combined effects of environmental factors and several genetic loci. Trait 
controlled by multiple loci and environmental influences is regarded as 'polygenic', 
‘multifactorial，or 'complex' and the individual locus contributing to the variation of 
trait is called 'quantitative trait loci, or QTLs (Geldermann, 1975). 
The idea of mapping QTL through linkage to mendelian marker loci was firstly 
proposed in the size differences study of Phaseolus vulgaris (Sax, 1923). Systematic 
and accurate QTL mapping has only recently become more practicable with the 
construction of dense genetic maps and the development of an adapted analytical 
approach known as interval mapping (Lander and Botstein, 1989). Interval mapping 
uses phenotypic and genetic marker information in experimental crosses to estimate 
the probable genotype and the most likely QTL effect at every point in the whole 
genome through LOD score and maximum-likelihood estimates (MLEs). 
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3.1.2.3 Maximum-likelihood Estimate in QTL mapping 
The main advantage of MLE over traditional QTL mapping approaches such as 
liner models and ANOVA is the power of detecting of QTL in the situations of 
incomplete linkage (Weller and Fernando, 1991). Theoretically, the relationship 
between phenotype P and genotype G for the 产 individual can be presented by the 
assumed equation 
Pi = a + bGi + c 
where Gi is encodes as a (0, 1 )-indicator variable equal to the number of alleles, 
b is denoted as the estimated phenotypic effect of single allele substitution at a 
putative QTL, and c is denoted as random normal variable with mean 0 and variance 
All a, b, and § are unknown parameters. The linear regression solutions {a'’ b '， 
0'') are actually MLEs for the parameters with values which maximize the observed 
data occurrence probability L�a, b, For the normal distribution with mean 0 and 
variance 淨,the probability density can be expressed as (function (a)): 
where z(x, §�= Under the method of maximum likelihood, the 
MLEs are compared to the constrained MLEs of 办=0’ corresponding to the 
assumption that no QTL is linked. These constrained MLEs are known as ，’ 0， 
•2 
0 Bi)' The evidence for a QTL can be summarized by a LOD score indicating how 
much more probable the data are to have arisen assuming the presence of QTL than 
assuming it absence. 
膨 l o g , 观 ’ 
丨;、 
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For interval mapping, the method of maximum likelihood is used to estimate the 
phenotypic effect and the LOD score for a putative QTL at any given locations of 
genome. Modification is needed because the QTL genotype G, for individual i is 
unknown. The appropriate likelihood function is therefore 
where Z/(x) = z{{Pi - (a + bx)), &) denotes the likelihood function for the individual i 
assuming that Gi = x and Ti{x) denotes the probability that G, = x conditional on the 
genotypes and positions of the flanking markers. Noted that in case of a QTL exactly 
lies on a marker locus, this function will reduce to the linear regression (function (a)) 
(Lander and Botstein, 1989). 
3.1.2.4 MAPMAKER/QTL 
Standard computer programs for linear regressions may not be useful for QTL 
analyses because none of the independent variables in computation are available, 
only probability distributions for each are known. Therefore, MAPMAKER/QTL 
was specially designed for the putative QTL computation based on the theory 
described in 3.1.2.3. It is the original QTL interval mapping software extending from 
MAPMAKER program. In MAPMAKER/QTL program, expectation-maximization 
(EM) algorithm is applied for the maximum likelihood estimation with the missing 
data (Lander and Boststein, 1989). It is capable to process the F： or backcross data 
from crosses between inbred lines using a maximum likelihood implementation of 
standard interval mapping (Haley and Andersson, 1997). 
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3.2 Material and Methods 
3.2.1 Aroma feature of Mycelium 
3.2.1.1 Preliminary Screening of Volatiles in the SSI Mycelia of L.edodes 
3.2.1.1.1 Biological Material and Growth Conditions 
Randomly, 16 SSIs involved in the previous mapping analysis were selected for 
volatiles screening. The stock mycelia were inoculated into the sterilized PDB 
medium as mentioned in chapter 2.2.1.1. The SSI mycelia were incubated at 25°C 
until substantial mycelial colonies formed on the surface of the broth inside the 
conical flasks. 
3.2.1.1.2 Volatile Extraction from SSI Mycelia 
The volatiles of SSI mycelia were extracted based on the method described by 
Mau et al. (1992), which was used to extract the volatiles of fresh A.bisporus 
mushroom, with some modifications. About 2-3g of fresh mycelial colony was 
harvested from the PDB medium and homogenized with 50ml of sodium phosphate 
buffers (pH 6.5/8.5) containing 0.15% TweenSO. Methanol containing 1-nonanol 
(Sigma) was added as an internal standard. The solution was homogenized at 
lOOOOrpm for Imin in an ice-bath. The volatiles in mycelium homogenate were then 
extracted by 25ml of dichloromethane (HPLC grade, LabGuard). The extraction was 
repeated once with another 25ml dichloromethane. The collected dichloromethane 
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extract (about 50ml) was concentrated to about 1ml by very gentle flushing with 
nitrogen gas (99.8%). The concentrated extract was properly sealed and stored at 
-20°C before analysis with a GC-MS system. 
3.2.1.1.3 Screening of Volatile Compounds with GC-MS 
GC-MS analyses were carried out using a Hewlett-Packard 6890 gas 
chromatograph system integrated with Hewlett-Packard 5973 mass selective detector 
and MS-Chemstation data operator. Before injection, samples were dried with 
anhydrous sodium sulfate (Sigma) in order to get rid of any moisture in the sample. 
For each analysis, 1|li1 of concentrated sample was injected manually into the GC 
system. The extracted compounds were separated in a 60m fused silica column 
(0.25mm i.d.，0.25mm film thickness, Supelcowax 10, Supelco, Bellefonte, PA). 
Helium was used as the carrier gas with linear flow rate of 36cm/sec. The column 
temperature was programmed as keeping at 35°C for first five minutes and then 
increasing to 195°C at the rate of +6�C/min. The mass spectra were tentatively 
identified by comparing with the spectral database Wiley275. The known aromatic 
volatiles of Ledodes, i.e. l-octen-3-oI and 1,2,3,5,6-Pentathiepane (Lenthionine), 
were targeted in the screening test. Appropriate aromatic compound(s) would be 
chosen as target compound(s) for subsequent quantitative determination and trait 
mapping analysis. The tentative assignment of target mass spectra would be 
confirmed by GC employing pure compound mixture in dichloromethane. 
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3.2.1.2 Quantification of the Target Aromatic Volatile in the Mycelia of 
SSI and Parents 
3.2.1.2.1 Sample Preparations 
Mycelia stock of L54-A, L54-B and their 44 SSIs were incubated in PDB as in 
3.2.1.1.1. For each SSI, three individual samples were prepared in different flasks for 
independent analyses. The mycelia forming substantial colonies on the broth were 
harvested for volatile extraction. The mycelia used for extraction were around 70 
days old. Methanol containing of 300|^g 1-nonanol (Sigma) was added as an internal 
standard. Based on the results of the preliminary test, extractions were carried out 
with pH 6.5 sodium phosphate buffers following the procedures described in chapter 
3.2.1.1.2, except the step of concentration with nitrogen flushing was retrenched. 
3.2.1.2.2 Quantification of the Target Volatile 
Based on the preliminary test, l-octen-3-ol was selected as the target compound 
for quantification. The contents of l-octen-3-ol in mycelia were determined by 
GC-MS system set up as in 3.2.1.1.3 with following modifications. Samples were 
injected through an automatic liquid sampler (Hewlett-Packard 6890 series) with 
of injection volume. Moreover, selected ions monitoring (SIM) mode was used in the 
detector of the mass spectrum system. Under this detection mode, specific ion 
fragments representing l-octen-3-ol were selectively detected in the known retention 
period. This modification could increase the sensitivity of MS system to the selected 
compound. Quantification of l-octen-3-ol was achieved by using the GC mass 
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fragmentography of the most representing ion fragment. All samples were analyzed 
twice with GC-MS. The quantities were enumerated using the area-mass standard 
curve calibrated from the pure l-octen-3-ol (Aldrich, CAS: 003391-86-4) at three 
successive ten-folded concentrations. 
In order to subtract the volatile background from the cultivation medium, 
control extraction was carried out with 3\x\ of PDB, which had also been kept under 
the incubation conditions for 70 days. Volatile analysis was carried out as described 
above. 
3.2.2 Measurement of Mycelial Growth 
Continuous trait property of two-dimensional mycelial growth rate (MGR) of 
Ledodes monokaryon on PDA plate has been demonstrated previously (Xu, 1997). 
In this study, MGRs of 31 SSIs involved in previous mapping construction were 
measured. Fresh mycelium inoculum on PDA were cut (about 5 x 5mm^) from the 
outermost boundary of stock plate and inoculated onto center position of new PDA 
plates. Colony diameters were recorded (in mm) after 15 days incubation at 25°C in 
the dark. For each SSI mycelium, five samples were measured and the average 
MGRs were used for putative QTL analysis. 
3.2.3 Observation of Pigment Secretion during Mycelial Growth 
Brownish pigment secretion was observed in some SSI mycelia growing on the 
PDA plate or/and PDB medium after incubation for certain period. The phenomenon 
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of pigment secretion was recorded as a discrete character and simple genetic analysis 
with standard method was attempted. 
3.2.4 Locating Putative QTL on the L.edodes Map 
For the quantitative traits, i.e. l-octen-3-ol level and MGR, putative QTLs were 
searched along the genetic map of L.edodes constructed in chapter 2 through the 
mapping program MAPMAKER/QTL (version 1.1b). Monokaryotic data (haploid) 
was analyzed in mode of F2 backcross. The values for the mean, standard derivation, 
kurtosis, skewness and quartile ratio of the trait data were calculated. QTL of trait 
was searched along the whole ‘genome’ position at every 2cM map-interval. The 
LOD score threshold for the putative QTL was not strictly defined so far because of 
the small population tested and tentatively set at around 2.0 to 3.0 for this study 
(Lander and Botestein, 1989). ‘ 
Besides using MAPMAKER/QTL, another QTL analysis was attempted using 
the mapping strategy similar to that used in Xu's thesis (1997). Based on their 
quantitative traits, SSIs were tentatively assigned with discrete trait character and put 
into the linkage analysis by simply linkage analysis. 
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3.3 Results 
3.3.1 Aroma Feature 
3.3.1.1 Preliminary Screening of Volatiles in Mycelia of L.edodes 
Sixteen SSI mycelia were randomly selected for the volatiles screening with 
GC-MS. The mass spectra resulted were tentatively identified by comparing with 
Wiley275 spectral database. Only the spectra having mass intensity double of the 
baseline, clearly and consistently identified (at least 60% similarity) were considered. 
Some spectra scored more than one identity when browsing with the spectral library 
Wiley275 and all identities were reported temporary in this analysis. 
Different volatile profiles were obtained from the SSI mycelia. In general, a 
group of compounds were consistently detected among the SSI mycelia and their 
properties were summarized in table 3.3.1 (see also figure 3.3.1 which shows the 
spectra of SSI-8 as an example). Comparing with the previous studies, several aroma 
compounds reported in L.edodes (mycelium or fruiting body) had been detected in 
this study, which included 3-methyl-l-butanol, 1-pentanol, l-octen-3-ol, 1-octanol, 
2-octen-l-ol, hexanal, 3-octanone, 1-pentanol, and 3,4-dihydro-8-hydroxy-
7//-2-benzopyran-1 -one (mellein). Six SSIs profiles showing relatively stronger 
spectral signals were selected. Based on their GC total ion mass fragmentographs, 
the relative percentages of the identifiable aromatic volatiles were estimated and 
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Table 3.3.2 
Relative percentage of aromatic compounds 
identified in SSI mycelia 
Spectum Putative compounds Means"(%) (S.D. 
Alcohols 
id 3-Methyl 1-butanol or 1-Pentanol 11.79 (10.34) 
2 l-Octen-3-ol' 45.59 (21.90) 
3 1-Octanoie 3.62 (2.60) 
4 2-Octen-l-ol' 2.84 (1.43) 





8 Butyl acetate 
9 Trans-carvyl acetate 
IQd Allyl butyrate 
Aldehydes 
11 Hexanal® 
12 Trans, trans-2,4-decadienal 
Carboxylic acids 
13 Heptanoic acid 






















spectrum numbers were also indicated in figure 3.3.1 
' 'relative percentage (based on total ion fragment abundance): means of six SSI 
extracts (SSI-2, 8, 13’ 16，28 and 37) in preliminary screening test 
' s tandard derivation of relative percentage” noted that it did not reflect the 
variation of individual compound in term of absolute amount 
' 'spectrum having two putative identities 
•"compounds reported in Ledodes fruiting body or mycelium (Chen et al.’ 1986; 
Gallois et al., 1990) 
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Apart from these basic volatiles, some volatiles were detected occassionally in 
some particular SSI mycelia. These volatiles were listed separately in table 3.3.3. 
Among these irregularly detected compounds, 3-phenyl propanol, l-octen-3-one and 
2-octenal have been reported as part of flavor components in the fruiting body or 
mycelium of Ledodes (Chen et al., 1986; Gallois et al., 1990). 
It was worthwhile to note that for the same SSI mycelia, extractions performed 
with buffer with pH 6.5 or pH 8.5 did not significantly affect the final volatile 
profiles finally obtained. For the extraction with pH 8.5 buffer, no additional 
S-containing compounds were detected when comparing with pH 6.5 buffer. In fact, 
similar extraction had been carried out with dried shiitake mushroom as a 
preliminary test. A group of S-containing compounds were detected in the dried 
shiitake extracts, no matter which buffers (pH 6.5 or pH 8.5) were used. If present, 
the main aromatic compound of dried shiitake, lenthionine, could produce a signal 
between 58.30 to 58.50min under the identical GC conditions as mentioned in 
3.2.1.1.3. However, the evidence supported the absence of lenthionine in the SSI 
mycelia under investigated. 
Among the identified aromatic compounds, l-octen-3-ol was the major aromatic 
volatile detected in the SSI mycelia. In fact, l-octen-3-ol was recognized as the main 
aromatic compound of fresh mushroom species in common. Besides, based on the 
GC mass spectra obtained in the screening test, the signal variation of l-octen-3-ol 
content was obvious. Some SSIs exhibited significantly high signals of l-octen-3-ol 
(figure 3.3.2a) but some SSIs were detected with comparative weak or even without 
any signal of l-octen-3-ol (figure 3.3.2b). Therefore, l-octen-3-ol was considered 
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useful as the target aromatic volatile for the further genetic analysis. 
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Figure 3.3.2 GC profiles of the mycelial extracts of (a) SSI-8 and (b) SSI-17 in 
the preliminary test. The identity of l-octen-3-ol spectrum (RI: 22.98) were 
confirmed by the GC run with pure chemical. Obviously, the SSI-8 contained 
relatively higher amount of l-octen-3-ol than the SSI-17 based on the ion mass 
area of spectrum. 
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Table 3.3.3 
Putative compounds occasionally detected* in some SSI mycelium extracts 


















Fresh, fruity, green, slight lavender 





























































Chocolate, cocoa, roasted almond, nutty 
Retention time 
Molecular weight 
Chemical fragrance description derived from reference book (Sigma-Aldrich, 2000) 
No information /description 
Compounds reported in Ledodes mycelium (Gallois et al., 1990) 
Compounds reported in Ledodes fruiting body (Chen et al., 1986) 
Compounds were detected in less than 5 (out of 16) SSI mycelium extracted 
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3.3.1.2 Quantification of l-Octen-3-ol in SSI Mycelia 
3.3.1.2.1 Sample Preparation 
L54-A, L54-B and 44 SSI participating in mapping experiment were cultivated 
in PDB for volatile extraction. However, SSI-16，20, 21，71 and 122 were 
contaminated or failed to form substantial colonies on the surface of the medium. 
Therefore, only 39 SSI mycelia in total were prepared for volatile extraction and 
their growth records are reported in table 3.3.4. 
3.3.1.2.2 l-Octen-3-ol contents in SSI Mycelia 
The contents of l-octen-3-ol in mycelia were determined by GC-MS, with aids 
of the standard curve established with pure l-octen-3-ol (Aldrich, CAS: 
003391-86-4). Ion fragments 57, 72, 85 and 99 were selected for l-octen-3-ol 
monitoring in the SIM mode detection. The ion fragment 72 was used as the 
reference fragment for quantification. The retention time of the l-octen-3-ol in 
mycelium extracts was 24.0 (士0 .2 ) . Twenty-six SSIs were detected containing 
l-octen-3-ol with concentration in the range of 0.083 to 8.000|ag (per gram of fresh 
mycelium). On the other hand, no l-octen-3-ol was detected in the other 13 SSI 
mycelia. The concentrations of l-octen-3-ol among the SSI are shown in table 3.3.5. 
The parents, L54-A and L54-B, contained 1.137|ig and 0.562^g of l-octen-3-ol per 
gram of fresh mycelium respectively. 
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Table 3.3.4 
General observation of the mycelium growth in PDB 
Mycelium Age Harvested Fresh Colonies 
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the average fresh weight of three individual mycel ium colonies of SSI 
' p igmen t observed in the medium: max imum ++++ 
no pigments observed 
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L54-10 r (-) 
L54-11 - (-) L 
L54-17 - (-) L 
L54-25 - (-) L 
L54-27 - (-) L 
L54-34 - (-) L 
L54-39 - (-) L 
L54-41 - (-) L 
L54-58 - (-) L 
L54-60 - L 
L54-120 - (-) L 
L54-123 - (-) L 
L54-124 - (-) L 
L54-18 0.083 (0.144) L 
L54-61 0.083 (0.074) L 
L54-28 0.211 (0.073) L 
L54-106 0.323 (0.038) L 
L54-121 0.446 (0.206) L 
L54-2 0.568 (0.179) L 
L54-63 0.619 (0.167) H« 
L54-5 0.635 (0.046) H 
L54-109 0.901 (0.175) H 
L54-24 1.119 (0.061) H 
L54-13 1.194 (0.301) H 
L54-19 1.528 (0.651) H 
L54-36 1.571 (0.231) H 
L54-37 1.616 (0.128) H 
L54-12 2.072 (0.032) H 
L54-26 2.301 (0.571) H 
L54-105 2.363 (0.077) H 
L54-112 2.833 (1.882) H 
L54-62 3.382 (0.361) H 
L54-15 3.402 (1.019) H 
L54-73 3.406 (0.199) H 
L54-117 3.677 (0.570) H 
L54-76 4.337 (1.040) H 
L54-22 4.435 (1.910) H 
L54-8 5.234 (0.429) H 
L54-30 8.000 (0.910) H 
unit expressed as microgram of l-octen-3-ol per gram of fresh mycelium 
'average concentration in three individual mycelium samples; each sample analysis was replicated 
marker by simply dividing the SSIs into two groups by half (20H; 19L) 
'marker by considering the 13 SSIs with no l-octen-3-ol level detected as L, the 13 highest 
l-octen-3-oI level SSI as H and the 13 SSI in between as M 
marker by considering the 13 SSIs with no l-octen-3-ol level detected as M and dividing the rest 
SSIs into two groups (13H:13L) 
SSIs contained undetectable level of l-octen-3-ol level in extracts 
tentative codings: H-high, L-low and M-missing data 
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Table 3.3.5 
l-Octen-3-oI contents in 39 SSI mycelia 
l-octen-3-ol (|J.g/g)^  Tentative marker 
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3.3.1.3 Mapping of QTL for l-octen-3-ol level on the genetic map 
In this study, thirteen SSI mycelia had been detected with no l-octen-3-ol in the 
extract. Since the concentration step with Ni flushing was retrenched, there was a 
possibility that these SSI mycelia might contain l-octen-3-ol, but not high enough to 
be detected by the GC-MS system even the SIM mode detection was used. For better 
interpretation, those mycelia should be regarded as 'containing undetectable level of 
l-octen-3-ol rather than 'no l-octen-3-ol contained'. 
Considering the ratio of mycelia with and without l-octen-3-ol detected, i.e. 
26:13, the ratio did significantly deviate from the Mendelian ratio 1:1 (x^ = 4.33, 
pcO.OS). The l-octen-3-ol level was not likely to be controlled by a single locus thus 
simple discrete mapping was not suitable for the trait. Therefore, mapping of the 
l-octen-3-ol level was attempted following the QTL strategies. The data of 
l-octen-3-ol level were input to MAPMAKER/QTL (version 1.1b) for analysis. QTL 
of l-octen-3-ol level was searched along the Ledodes linkage map (with 75 markers) 
constructed. Twenty-five SSI data could be used for the mapping analysis. As some 
SSI mycelia contained undetectable l-octen-3-ol level, that SSI data were processed 
in two ways. In the first analysis, the SSI mycelia containing undetectable 
l-octen-3-ol level were arbitrarily assigned with the value 0.001 (the calculation 
limit of MAPMAKER/QTL) in order to facilitated the QTL analysis. In the second 
analysis, those SSI mycelia were simply regarded as missing data. Nineteen SSI data 
were valid for the later part of analysis (extra six data missing). 
For the first analysis, 25 SSI data were considered and the distribution of 
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l-octen-3-ol level skewed to one direction (figure 3.3.3a) because a group of 0.001 
was used. After QTL scanning, no significant peaks (program default: LOD > 2.00) 
were detected along the linkage map. Only an obvious peak having LOD value 1.581 
was observed at the overlapped location of the EST36 and EST68 in the linkage 
groupIV (figure 3.3.4a). In the second analysis, 19 SSI data precipitating in the 
analysis generated a comparative normal distribution of l-octen-3-ol level (figure 
3.3.3b). When scanning for the QTL, a peak with LOD 2.246 was detected at the 
same locus position found in the first analysis (figure 3.3.4b). This locus was then 
defined as the putatively QTL of l-octen-3-ol level and named Octl. 
Besides MAPMAKER/QTL, additional QTL mapping for l-octen-3-ol level 
was attempted by translating the l-octen-3-ol levels into the discrete trait under 
arbitrary definitions. Three tentative discrete markers were assigned to the SSI rooted 
in their l-octen-3-ol contents (table 3.3.5). L54-A was defined as high l-octen-3-ol 
level and L54-B as low l-octen-3-ol level. The tentative discrete markers were then 
put into linkage analysis (in both directions of 'homozygous' and 'heterozygous') 
with all the available markers through the MAPMAKER/EXP program. However, no 
significant linked makers were found for these tentative trait markers. The largest 
LOD scores obtained for each tentative trait markers were listed in table 3.3.6. The 
marker OctIV scored LOD 2.20 with the RAPD marker DnDnl66. In the previous 
study, loci are considered tentatively linked if 3 .00�LOD�2.00 (Xu, 1997). Thus, 
marker OctIV was considered tentatively linked to marker DmDnl66 locating at the 
position close to the marker Octl in linkage groupIV. 
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� 
Mean S.D. 
Distribution Fraction within i 1 derivations 
Skewness kurtosis Quartile ratio 1/4 1/2 1 2 3 
1.79 2.04 1.29 1.22 1.21 0.16 0.24 0.84 i 0.96 0.96 
Distribution Fraction within n derivations 
Mean S.D. Skewness kurtosis Quartile ratio 1/4 1 / 2 1 2 3 
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Figure 3.3.3 Frequency distributions and descriptive statistics of 1-
octen-3-ol level among SSI mycelia. Data were processed as (a): 
assigning value 0.001 to those SSIs detected with no l-octen-3-ol and (b): 
considering those SSIs detected with no l-octen-3-ol as missing data. 
The distribution properties were calculated using MAPMAKER/EXP 
program 
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Figure 3.3.4 LOD score diagrams of l-octen-3-ol level in QTL mapping. 
Two analysis were carried out: (a) arbitrarily assigning the value 0.001 to 
the SSI mycelia with undetectable l-octen-3-ol; (b) considering the SSI 
mycelia with undetectable l-octen-3-ol as missing data. For both analyses, a 
peak was detected at the overlapped location of EST36/EST68 on linkage 
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Table 3.3.6 
Largest LOD scores for the tentative trait markers 






Octll CqCr215 II 1.02 
Octlll AiCiSOO I 1.72 
OctIV DmDnl66 'IV 2.20* 
Pigl BeCe400 II 1.54 
‘obtained from MAPMAKER/EXP program 
•considered as tentatively linkage 
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3.3.2 Mycelial Growth Rate (MGR) 
3.3.2.1 Measurement of Mycelial Growth Rate 
Two dimensional mycelial growth rates of SSI mycelia were determined by 
measuring the colony diameters of mycelia growing on PDA medium at the day 
after inoculation. The MGRs of SSI mycelia were measured in micrometer. Five 
samples for each SSI were measured and their means and standard variations were 
listed in table 3.3.7. 
3.3.2.2 Mapping of QTL for MGR on the genetic map 
The MGR data were processed in two ways for QTL analysis. In the first 
analysis, intact MGR data (mm) were input into MAPMAKER/QTL for QTL 
searching. In the second analysis, the logarithm values of MGR were analyzed with 
aid of 'make trait' command of MAPMAKER/QTL program. The population 
distribution properties of MGR among SSIs were shown in figure 3.3.5. Thirty-one 
SSI MGR data could be used for the QTL searching in the linkage map of Ledodes 
constructed. 
Two putative QTLs were detected along the linkage groupIII in the LOD 
diagram. One peak located at the overlapped location of RAPD marker DoDp70 and 
another peak was at overlapped location of STS6. Both analyses produced similar 
results, only with little LOD score differences. The LOD score diagrams for both 
analyses were drawn in figure 3.3.6. The QTLs at DoDpTO (LOD=2.127 or 2.451) 
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and STS6 (LOD=1.923 or 1.917) were named MGRI and MGRII. Although 
MGRII only scored LOD around 1.92, lower than the LOD threshold (2.00) set in 
program default, still it was regarded as one of QTL of MGR in this study. Further 
details would be discussed in the discussion. 
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Table 3.3.7 
Record of mycelial growth rate and pigment secretion 
of SSI mycelia on PDA 
SSI Diameter^ (S.D.)o Pigment 
(mm) secretion^ 
L54-21 21 (6) + 
L54-62 26 (1) -
L54-25 27 (6) ++ 
L54-71 30 (14) - � 
L54-61 35 (3) -
L54-18 36 � + 
L54-20 36 (5) -
L54-15 37 (6) -
L54-3 38 (14) -
L54-73 38 (2) -
L54-76 41 (6) ++ 
L54-33 42 (11) + 
L54-27 43 (5) -
L54-41 43 (3) -
L54-14 46 (0) -
L54-26 46 (4) -
L54-60 46 (7) -
L54-11 47 (4) -
L54-28 50 (6) -
L54-58 57 (2) ++ 
L54-63 58 (4) -
L54-8 61 (1) -
L54-37 61 (3) -
L54-12 63 (4) -
L54-19 68 (18) -
L54-13 69 (6) -
L54-5 72 (3) -
L54-36 76 (4) -
L54-30 78 (3) -
L54-22 82 (4) -
L54-2 83 (3) -
a average diameter of mycelial colonies growing on PDA at 15'" day 
‘pigment observed on PDA: maximum ++ 
' n o pigments observed 
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� Distribution Fraction within n derivations 
Mean S.D. Skewness kurtosis Quartile ratio 1/4 1/2 1 2 3 
50.19 17.02 0.37 -0.89 1.35 0.16 0.32 0.65 1.00 1.00 
Distribution Fraction within n derivations 
Mean S.D. Skewness kurtosis Quartile ratio iTT 1/2 3 
•67 0.15 -0.23 -0.62 1.28 0.16 0.29 0.65 0.97 .00 
gwfe^itit ,�. . . 
_圓11_ 
Figure 3.3.5 Frequency distributions and descriptive statistics of (a): 
mycelial growth rate among SSIs (b): logarithm value of mycerial 
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3.3.3 Pigment Secretion form SSI mycelia 
The pigment secretion from SSI mycelia during growth on PDA and PDB were 
observed and recorded as shown in table 3.3.4 and table 3.3.7 respectively. In general, 
the pigment secreted was brown in color with varied intensity. The pigment was 
secreted into the PDA and PDB media rather than stored in the mycelia. Pictures in 
figure 3.3.7 show the pigment secreted by SSI mycelium in PDA and PDB. The 
parent L54-A did not form any pigment. In contrast, L54-B exhibited consistent 
pigment secretion on both PDA and PDB. 
When considering this pigment secretion as a discrete trait, the pigment secretion 
patterns of SSIs growing in PDA and PDB were different. It was suspected that the 
growing condition was one of the factors affecting pigment secretion. For the SSI 
mycelia growing on PDA, less than 26% (10 out of 39) observed with pigment 
secretion. It was impossible to map this trait as a discrete trait because of the 
significant derivation from Mendelian ratio. This mycelial character might not be 
randomly inherited. 
Situation was completely different in PDB that almost half (17 out of 39) SSI 
mycelia were observed with pigment secretion. The ratio did not significantly 
deviated from Mendelian ratio 1:1 ( /=0.64, /)>0.05). Therefore, this trait (arbitrarily 
named as Pigl) was put into analysis with all available markers with 
MAPMAKER/EXP program. However, no significantly linked markers were 
obtained from this simple genetic linkage analysis. The marker having largest LOD 
value (1.54) with Pigl was the RAPD marker BeCe400 (table 3.3.6). 
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(b) (b2) (b3) W1 
Figure 3.3.7 Brownish pigment secretion of Ledodes SSI mycelium 
growing a) on PDA and b) in PDB. On the PDA: a l ) some SSI mycelium 
secreted the brownish pigment into the agar when growth; a2) some SSI 
mycelium only produced comparative little pigment, always at the center 
where the mycelium is older and less vegetative and a3) some SSI 
mycelium produced no pigments even after aging. For the mycelium 
incubated in PDB, they would produced brownish pigment with different 
intensities and secreted them into the broth: bl ) some SSI secreted the 
darkish brown pigment in the broth after growing for certain period; b2) 
some SSI produced comparative "lighter" pigment and b3) some SSI 
would not produce any pigment and the broth remained almost the 
original color 
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3.4 Discussion 
3.4.1 Significance of the QTLs 
An appropriate LOD score threshold for QTL depends on the size of genome 
and the marker density of the genetic map studied. A LOD score threshold can be 
estimated through the function of genome size and marker density (Lander and 
Botstein, 1989). For the current Ledodes genetic map, the total genome size was 
653cM with marker spacing about 10.2cM. As only the linkage groups larger than 
50cM were significant for interval mapping, the chromosome number was regarded 
as four. Using the function, the LOD score threshold 2.20 was selected at which less 
that 5% chance of a false QTL occurring at anywhere in the genome. 
In fact, there were several limitations for this QTL study. To obtain a more 
reliable and accurate QTL, more genetic markers in the map and genotyped SSIs 
were required for the whole mapping analysis. In general, 100-300 genotyped 
progenies and high marker density of map are necessary for a convincing mapping 
analysis. Mapping with a small population maybe limited by the threshold of LOD 
score. On the other hand, mapping with sparse genetic map maybe limited by the 
variance § of the phenotype obtained (Lander and Botstein, 1989). In this study, 
only around 30 SSIs were genotyped as the present approach was to sketch a 
preliminary genetic map with certain resolution. Nevertheless, using a small 
population to search for some initial evidence is proven conceivable for preliminary 
QTL mapping. The QTLs mapped in this stage can be considered as tentative 
evidence obtained from a small population and can be substantiated in a further study 
using a larger population and a denser genetic map (Lander and Schork, 1994). 
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3.4.2 QTL for Mycelium Aroma Feature 
3.4.2.1 Trait of Aroma: l-octen-3-ol 
In this study, l-octen-3-ol was selected as the target aromatic compound for 
QTL mapping. Mapping of a single aromatic compound was preferred in this genetic 
diagnosis. In fact, a similar QTL mapping of a flavor compound 2-acetyl-l-pyiToline 
in rice had been carried out before (Lorieux et ai, 1996). The reasons of not mapping 
the total aromatic compound includes: 1) not all type of the flavor chemicals could 
be extracted through a single extraction method; 2) not all the GC spectra could be 
identified through searching of database and 3) the realistic aroma of chemicals and 
their synchronic effects were never known. Therefore, mapping of a single flavor 
chemical is the most conserved and workable strategy that may reduce a lot of 
uncertainty and complexity. 
In fact, l-octen-3-ol is well recognized as the mushroom flavor. Also, it is 
sensible to map the flavor chemical of mushroom in mycelium, especially when 
considering further for mushroom feature. Apart form aroma feature, there was 
another advantage to study the trait of l-octen-3-ol in mycelium as this compound 
has anti-microbial activities that might be beneficial to the growth of mycelium. 
l-Octen-3-ol may play a role in the mycelium colonization by suppressing the 
growth of other microbes in the habitat (Beltran-Garcia et al., 1997). 
Besides l-octen-3-ol, lenthionine was another aromatic compound of interest 
because it appears to be responsible for much of the unique flavor of shiitake 
mushroom. However, no such S-compounds were detected in the experiment. 
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Lenthionine do not seem to occur as a normal metabolite of shiitake but only forms 
when soaking the dried tissue, a step of food preparation process (Slaughter, 1993). 
Informally, I observed that air-dried SSI mycelium would gradually develop the 
flavor signature of the dried shiitake after storing at room temperature for a long 
period of time. On the other hand, although pH8.5 buffer was tried in extraction, no 
lenthionine were found in the fresh SSI mycelia. Incubation time and temperature of 
buffer might be the factors affecting the formation of this compound in this study. 
The mechanism of lenthionine formation in Ledodes mycelium was still an unknown. 
Further study on this area is necessary. 
3.4.2.2. QTL of l-octen-3-ol level 
In the preliminary test, some SSI mycelia were shown to have very weak 
l-octen-3-ol levels even when the concentration step was done. It was not surprising 
that no l-octen-3-ol was detected in the SSI extracts without concentration. Initially, 
it was intended to map the trait of l-octen-3-ol level as a discrete trait. However, the 
ratio of the number of SSI with and without l-octen-3-ol did not comply with 1:1 
ratio. Therefore, the mapping strategy was changed to QTL mapping in the 
subsequence genetic analysis. 
The data of SSIs without l-octen-3-ol were analyzed in two ways. For both 
analyses, similar QTL at the overlapped position of EST36 and EST68 was mapped 
in the current genetic map. Only the LOD score of QTL was affected slightly by the 
way of data treatment in the analyses. Having located the QTL of l-octen-3-ol, the 
quantitative effect of the QTL on l-octen-3-ol level could be characterized through 
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the distribution diagram of l-octen-3-ol level corresponding to the genotype. 
A linked QTL will cause a mean trait difference between marker genotype 
classes (Haley and Andersson, 1997). When referring to all the available data, EST36 
and EST68 were not completely co-segregated (44 SSIs were genotyped with these 
markers but only 28 SSIs were considered in the map construction). Based on the 
more complete set of data, distribution of the l-octen-3-ol level based on genotype of 
EST36 and EST68 were scatter-plotted (figure 3.4.1). To all 39 SSIs studied, the 
phenotype of l-octen-3-ol level was sorted according to the genotypes of EST36 and 
EST68 (L54-A to L54-B form). Two scatterplot diagrams were very similar that only 
one SSI genotype difference. For the EST36, the mean content of l-octen-3-ol of 
L54-A genotype group (2.20±2.20) is 394% of L54-B genotype group (0.56±0.71). 
For the EST68, the l-octen-3-ol level mean of L54-A genotype group (2.20±2.26) is 
336% of L54-B genotype group (0.65士0.70). Under the assumption of dominant 
manner, SSIs having L54-A allele of EST36 or EST68 would most likely have about 
triple content of l-octen-3-ol level to the SSIs with L54-B allele. 
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Figure 3.4.1 Scatterplots of l-octen-3-ol level in (a) 39 genotyped 
SSI and their parents and the distribution of l-octen-3-ol level 
among SSIs based on the genotype of (b) EST36 and (c) EST68. 
All the SSI mycelia contained undetectable l-octen-3-ol were 
neglected. The means of each distribution are indicated with the 
symbol ‘ ~ ^ ‘ 
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3.4.3 Mycelial Growth Rate (MGR) 
The MGR evaluated in this study was a two-dimensional growth rate on the 
PDA, the common cultivating medium of mycelium in laboratory. Two putative 
QTLs were found for this trait, i.e. MgrI and Mgrl l . Both QTLs located on groupIII 
of the linkage map. It was specially noted that Mgr l l has only scored the LOD about 
1.90, below the threshold set for the current linkage map. As mentioned before, 
mapping with small population always limited by the LOD threshold. The clear LOD 
peak of Mgr l l (figure 3.3.6) made it eligible to be the tentative QTL for further 
study even below the LOD threshold. 
To illustrate the effects of the QTLs, scatterplot diagrams of MGR were plotted 
in figure 3.4.2 based on the genotypes ofDoDpTO (for MgrI) and STS6 (for Mgrll). 
In general, the average MGR of SSIs bearing with L54-A allele of DoDp70 was 
58.24 ±15.07mm，larger than the SSI with L54-B allele (40.38 ±15.59mm) by 44%. 
For the STS6, the average MGR of SSIs bearing with L54-A allele of STS6 (60.00 
±16.43mm) was 47% larger than the SSIs bearing with L54-B allele (40.77 
± 14.07mm). The effects of loci MgrI and Mgrl l on the mean of MGR are more or 
less the same. 
The QTLs obtained from this study were different from that obtained by Xu 
(1997) that his QTL was at the overlapped position of marker DgDh540 (Groupl). 
Comparing with the population size, 31 SSIs were considered in this study but only 
eight SSI data were used by Xu (for GRl-1 marker). In term of statistic, the QTLs 
described in this study might have higher significance as more SSI data involved. 
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Figure 3.4.2 Scatterplot of mycerial growth rate (MGR) of (a) 31 
SSI mycelia and their parents and the distribution of MGR 
among SSIs based on the genotype of (b) DoDpTO and (c) STS6 (29 
genotyped SSIs). The means of each distribution are indicated 
with the symbol ‘ _ a ‘ 
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3.4.4 Pigment Secretion 
Only scanty studies on the pigment secretion of fungi have been reported. In 
this study, mapping of the pigment secretion feature of mycelium as a discrete trait 
was unsuccessful. In my observation, the pigment secreted to the medium by 
different SSIs had different intensities (see figure 3.3.7). Probably, the pigment 
secretion was a quantitative trait rather than the discrete characters. In deed, the 
kind(s) of pigment secreted by the mycelium was still an unknown. The pigment may 
consist of many compounds rather than a single compound. 
This study revealed that the pigment secretion feature was somehow affected by 
the cultivation medium (table 3.4.1). The pigment secretion always started from the 
older mycelium region. The brownish pigment maybe some metabolic wastes of 
mycelium during vegetative growth. To make mapping possible, more detail 
characterizations of the pigment(s) secreted are needed. 
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Table 3.4.1 
Record of pigment secretion of SSI 
mycelia growing on PDA or in PDB 
SSI Pigment secretion Pigment secretion 





L54-11' - + 
L54-12 - -
L54-13 - _ 
L54-15' - + 
L54-17 + + 




L54-25 + + 
L54-26C - + 
L54-27 - -
L54-28C - + 
L54-30C - + 
L54-34C - + 
L54-36 -
L54-37 - -
L54-39 + + 
L54-41C - + 
L54-58 + + 
L54-60 - -
L54-61C - + 
L54-62 - -
L54-63 - -
L54-73C - + 
L54-76' + • 
L54-105e + • 
L54-106 - -
L54-IO9C + 




L54-123 - • 
L54-124 + + 
no pigment observed 
''pigment observed 
'pigment observed either in PDA or PDB 
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Chapter 4 
General Discussion and Conclusions 
4.1 Future Works 
The usefulness of a genetic map depends on the density and the nature of the 
markers. The current genetic map of Ledodes contains 78 genetic markers that 57 of 
them are RAPD markers. To increase the information of the genetic map for genome 
studies and breeding programs, further development of the linkage map is required. 
4.1.1 Mapping of Ledodes Genes 
Gene mapping has been applied widely in genome researches especially for the 
genes causing diseases or cancers (Hayashi, 1992). This is the first extensive 
Ledodes study using the gene mapping approach. With the cumulative genetic 
information of Ledodes, in the future, it would be feasible to selectively map the 
genes with functional significance, such as genes responsible for fruiting, in order to 
extend the information of the linkage map. PCR-SSCP is a convenient method for 
gene mapping and was used in this study. Application ofDNA chips and microarrays 
will be a further approach to construct the gene-based linkage map of Ledodes when 
the STS/EST databases of Ledodes are well developed (Ramsay, 1997). 
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4.1.2 Characterizing and Mapping of Agronomic Traits 
For mushroom breeders, loci of agronomic traits are the most valuable 
information obtained from the genetic map. Many agronomic traits like contents of 
protein or dietary fiber are worthy for mapping using the QTL mapping strategy. 
Sometimes, characterizations of phenotypic traits can be difficult and time 
consuming. Establishment of efficient trait determining methods, for example, using 
the GC-MS (trait per peak) or Biolog test (trait per reaction) can enhance the trait 
studies. 
Because of the dikaryotic nature of Ledodes fruiting body, trait characterization 
has been limited to the monokaryon. As the traits of monokaryon may not correlate 
to that of fruiting body, the trait loci of mycelium may not be applicable to the 
characterization of the fruiting body. More efforts are necessary in order to 
understand the relationships between the linkage map and fruiting body traits of 
Ledodes. 
4.2 Conclusions 
With the concept of STS/EST, PCR-SSCP was shown to be a simple and 
convenient means for mapping target genes or constructing a gene-based genetic 
linkage map. A total of 70 STSs/ESTs were obtained from cDNA library of Ledodes 
primordium and tested. Twenty-one STSs/ESTs amplified with specific primers 
exhibited polymorphism between the parents of Ledodes strain L54. Sixteen of them 
were mapped on the RAPD marker-based map. Most of the STS/EST markers have 
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putative identities by matching the GenBank database. 
The aroma profile of L.edodes was preliminary characterized and a group of 
chemicals was consistently detected in the extracts of mycelium. Among them, the 
aromatic compound l-octen-3-ol, which was commonly recognized as "mushroom 
alcohol", was detected at significant level in mycelia of single spore isolates (SSIs) 
of L.edodes. Quantification of l-octen-3-ol among SSI mycelia was carried out. A 
tentative QTL of l-octen-3-ol level (OctI) with the Lod value 2.246 was mapped at 
the overlapped position of markers EST36 and EST68 of linkage group IV. 
The two-dimension mycelial growth rate of monokaryon on PDA was studied. 
Two tentative QTLs were obtained at the exact position of DoDp70 (MgrI) and 
STS6 (Mgrll) with the corresponding Lod score of 2.127 and 1.923. These two 
QTLs locate on the same linkage group (III) and had similar effectiveness on the 
mycelial growth rate when referring to the phenotype distributions. 
The brownish pigment secretion of monokaryotic mycelium was observed. 
However, the trait of pigment could not be quantified and no mapping analyses were 
possible. By deduction from the trait segregation ratio and the different intensities of 
pigment color, the secretion of pigment(s) did not seem to be controlled by a single 
locus. Further studies are required. 
The genetic map of L.edodes completed in this study composed of 78 markers 
including 59 markers (57 RAPD and 2 mating type loci) as defined previously (Xu, 
1997), and 19 novel markers (2 STSs, 14 ESTs and 3QTLs) located in this study. 
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Totally 13 linkage groups were constructed with a total map distance of 653.2cM 
(figure 4.1), more than half of the estimated genetic length (1200cM) of the whole 
genome. This is the most marker-rich genetic linkage map of Ledodes. 
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Figure 4.1 Genetic linkage map of L.edodes consisting of 57 RAPD markers, 2 STS, 14 ESTs 2 mating 
type markers and 3 QTLs allocated into 13 linkage groups. The total length of map is 653.2cM with 
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